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We developed a wet spinning process for the formation of polymeric fibers with high 
loading of single walled carbon nanotubes. The Dissertation consists of five chapters. In 
the first chapter, the research goals were formulated and the art and technologies of fiber 
spinning from carbon nanotubes were critically analyzed. The next three chapters report 
the original results. Last chapter summarizes all the findings. 
 
In the second chapter, we describe a surfactant based method of stabilization of carbon 
nanotube dispersions. The conditions of stability of nanotube dispersions in aqueous 
solutions of sodium dodecyl sulfate were analyzed. Using surface tension isotherms, the 
phase diagram was experimentally constructed. The diagram covers a broad range of 
nanotube concentrations. The proposed method allowed us to analyze highly 
concentrated opaque dispersions, which are hard to study using traditional optical 
techniques.  
 
In the third chapter, we explain the process of electrostatic assembling of polyelectrolytes 
and nanotubes coated with sodium dodecyl sulfate. Taking sodium alginate as an 
example of a suitable polymer, we successfully wet spun fibers with various carbon 
nanotube loadings. The maximum concentration of nanotubes in the spun polymer fibers 
was 23 wt %, which is significantly greater than the percolation limit. It was shown that 
the Young’s modulus of these fibers non-monotonically depends on nanotube 
iii 
 
concentration. The dependence was explained using Halpin-Tsai and Voigt models. 
Scanning electron microscope micrographs and resistivity analysis of the fibers suggest 
that the nanotube-alginate system undergoes a morphological transition from a composite 
structure of discrete nanotube bundles embedded in an alginate matrix to a complex 
continuous structure consisting of a nanotube network interwoven into a macro-molecular 
network of alginate. These nanotube – alginate fibers have unprecedented high flexibility 
and very high electrical conductivity - similar to semimetals (between germanium and 
carbon).  
 
In the fourth chapter, we report on a method to stabilize single walled carbon nanotube–
alginate fibers in aqueous solutions enriched with Na+ and K+ ions through covalent 
crosslinking of alginate. The unmodified wet spun nanotube-alginate fibers are unstable 
in electrolyte solutions such as phosphate buffered saline. This instability makes them 
unsuitable for biomedical applications as biosensor platforms or actuators. Therefore, 
these fibers were chemically modified through incorporation of covalent crosslinking to 
provide stability in solutions enriched with Na+ and K+ ions. Nano-pores were also 
introduced in the chemically modified fibers. We demonstrated that the modified 
alginate–nanotube fibers are stable in electrolyte solutions and achieve volumetric 
swelling up to 16 times their original volume in buffer solutions in 10 minutes. Loading 
the fibers with nanotubes, we achieved much better tensile and compression properties 
compared to the covalently crosslinked alginate fibers without nanotubes. The chemically 
modified nanotube-alginate fibers also show instantaneous pH-dependent swelling, 
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Recent advances in nanotechnology enable us to explore new range of mechanical, 
thermal, chemical, electric, magnetic, and optical properties of materials. Carbon 
nanotubes (CNTs) bring new twist to nano-structured materials.  These nanotubes consist 
of one or more concentric graphene layers with diameters in the range of 0.4 nm to few 
nanometers  and lengths up to few centimeters [1]. Carbon nanotubes are one of the 
allotropes of carbon categorized as fullerenes [2]. Carbon exists as other allotropes 
including diamond (sp
3
 form), graphite (sp
2
 form), glassy carbon (sp
2
 form) [3], 




 forms) [4, 5] and carbon 
nanotubes shown in Figure 1.1 [2]. 
 
Diamond and graphite represent the two extremes with respect to the mechanical 
properties of inorganic materials. Diamond is considered as the hardest and graphite is 
considered as the most plastic materials with outstanding lubricating properties. CNTs are 
cylindrical carbonaceous molecules exhibiting extraordinary strength, unique electrical 
and optical, and thermal properties. These properties are attributed to the molecular 
structure of CNTs [6]. Single walled carbon nanotubes (SWCNTs) have shown 
exceptional tensile, electrical and thermal properties superior to man-made or naturally 





occurring materials [7, 8] . The tensile modulus can be as high as 1 TPa, which is much 
greater than that of diamond [9]. SWCNTs have excellent thermal conductivity, and 
additionally appear to have high specific stiffness, with only half the density of 
aluminium. These properties have made them useful in a wide range of applications. 
Using the remarkable electrical properties of these CNTs one can build simple electronic 
logic circuits [10]. Some of the outstanding properties of SWCNTs are illustrated in 
Table 1.1 [11]. 
 
 
Figure 1.1: Perfect crystalline allotropes of carbon, diamond, graphite, C60 or buckyball, and Single-walled 








Table 1.1: Properties of single walled carbon nanotubes [11] 
Attribute Value Assessment 




 > Diamond 
Young’s modulus ~ 1 TPa Stiffer than any existing material 
Tensile Strength 150 GPa ~100 times the strength of steel 




 ~100 times greater than copper 




/V s > Electron mobility in Silicon 
 
 
Using high-resolution transmission electron microscope, Iijima in 1991 discovered
1
 the 
multi-walled carbon nanotubes (MWCNTs) in the soot of an arc discharge at the negative 
electrode [12]. Those MWCNTs contained 2–50 concentric cylinders of graphite having 
diameter of 3–10 nm and the length up to 1 μm. Less than two years later, Ijima and his 
group at NEC and Bethune and his coworkers at IBM Almaden Research Center 
discovered SWCNTs. The last decade has shown significant research on CNTs. Many 
groups worldwide have developed different techniques to grow CNTs including electric 
arc discharge, laser ablation, chemical vapour deposition (CVD), plasma-enhanced hot 
filament CVD, high pressure carbon monoxide (CO) with metal catalysts. Most of these 
methods of nanotube growth produce a mixture of nanotubes and other impurities. 
                                               
1 Even though the publication by Iijima in 1991 is believed to have been the first to bring awareness to the 
worldwide scientific community of carbon nanotubes, publications and patents highlighting carbon 
nanotubes date back to 1952 when Radushkevich and Lukyanovich published images of carbon nanotubes 
in Soviet Journal of Physucal Chemistry. Subsquently Abrahamson in 1979 presented work on carbon 
nanotubes at the 14th Biennial conference of Carbon and Tennett in 1987 patented cylindrical discrete 
carbon fibrils which are similar to multi-walled carbon nanotubes. Smalley’s group at Rice University 
which discovered C60 had earlier speculated the existence of single-walled nanotubes as a limiting case of 
fullerene molecule. 
1.2 Carbon Nanotubes 
1.2.1 History and Background 
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Purification techniques to remove contaminants and/or separate various types of 
nanotubes depend on ultrasonic, chemical, centrifugal, electrical and thermal treatments. 
Techniques to grow and separate single-walled carbon nanotubes (SWCNTs) were 
developed later on with advancements in density-gradient ultracentrifugation and column 




SWCNT is made of a rolled single layer of graphene sheet shown as ball stick model in 
Figure 1.1, where the balls represent carbon atoms and the sticks represent the bonding 
between carbon atoms. Based on the rolling up of graphene sheet axis, SWCNTs are 
available in three forms – armchair, zigzag and chiral Figure 1.2 [11]. The length to 
diameter ratio of CNTs can be as high as 100,000,000 [1, 10, 15]. 
 
The single atom thickness of the SWCNTs gives them unique properties. In particular, 
the band gap of SWCNTs varies from 0 to 2 eV showing metallic or semiconducting 
behavior. Due to adhesive forces, CNTs often stick together to form ropes. 




        Armchair             Zig-zag             Chiral 
       Metallic           Semi metallic      Semiconductor 
Figure 1.2: Single walled carbon nanotubes of different configurations (a) armchair, (b) zig-zag, (c) chiral [11] 
 
MWCNTs consist of multiple rolled layers of graphene. In one configuration (Figure 
1.3), the graphene sheets are arranged as concentric cylinders akin to a Russian Doll 
when a smaller diameter SWCNT lies inside a larger diameter SWCNT [16]. The CNTs 
can either be open-ended or have caps formed from half C60 molecule (Figure 1.4) [16, 
17]. 
 
The length and diameter of MWCNTs can be made significantly different from those of 




(a)  (b)   
Figure 1.3: Multi walled carbon nanotubes showing concentric carbon nanotubes (a) schematic representation  












A variety of techniques are used to characterize the various mechanical, electronic, 




Scanning Electron Microscopy (SEM) allows visualization of micro aggregates of 
SWCNTs, and MWCNTs and its clusters [19, 20]. Transmission Electron Microscopy 
(TEM) allows imaging of single SWCNTs and determination of number of walls of 
MWCNTs [16, 21, 22]. Atomic Force Microscopy (AFM) has been crucial for high 
resolution imaging of MWCNT surfaces and to study mechanical interactions between 
nanotube aggregates [23-27]. Scanning Tunneling Microscopy (STM) is used for studies 




Raman scattering is used to study the bond characteristics and other properties of CNTs 
[29]. Using Raman spectroscopy, the nanotubes can be characterized for its metallic or 
semiconductive structure and properties [30]. Using Raman doping one can study the 
distribution of the nanotube diameter manifested through the shift of the peaks or 
broadening the peaks in the spectra [31, 32]. Polarized Raman spectroscopy is used to 
1.2.3 Characterization of Nanotubes 




evaluate the orientation of SWCNTs in bulk by studying the radial breathing mode at 
different polarization direction of light [33]. X-Ray diffraction (XRD) is used to measure 
the structural properties of nanotubes and to quantify the van der Waal gap between 
SWCNT tubes in a rope. A combination of these and other techniques are important to 




CNTs demonstrate remarkable materials properties. The graphitic nature and helicity of 
the lattice contributes a high strength, high thermal and electrical conductivity, chemical 




CNTs are sensitive to contaminants like oxygen that attaches to CNTs. The contaminants 
affect the electrical properties of the CNTs. For presentation of the natural properties of 
CNTs, the soot of synthesized CNTs is sometimes dispersed in ethanol using sonication. 
The CNTs maintain their shapes after heating up to 2800
o
C in vacuum and up to 700
o
C in 










Owing to small dimensions, the mechanical properties of carbon nanotubes are difficult 
to evaluate. Novel methods were designed to measure the mechanical properties of 
CNTs. By measuring the thermal vibrations of CNTs, Young’s modulus of CNTs was 
estimated and it showed extremely high value of 1.25 - 1.8 TPa [34-36]. Another 
approach is to use scanning probe microscope to bend a cantilevered CNT` [23-27]. 
Measurement of the response of nanotubes during bending and manipulation in atomic 
force microscope provided close to 1 TPa value for Young’s modulus of SWCNTs [25-
27]. The vibration of nanotubes induced by electrical field in transmission electron 
microscope was also proposed as a method to measure Young’s modulus [37].  It is 
shown experimentally that the Young’s modulus of SWCNT bundle decreases from 1.3 
TPa to 67 GPa as the diameter of nanotube bundles increases from 3 nm to 20 nm [38]. 
Similar observation had been made in Ref. [37]  where, as the diameter of the nanotube 
increased from 8 nm to 40 nm the Young’s modulus decreased drastically from 1 TPa to 
100 GPa.   
 
Using TEM and AFM it has been shown that the MWCNTs grown by electric arc 
discharge method have Young’s modulus of about 1 TPa [39], while those grown by 





Using “nanostressing stage” located within scanning electron microscope the tensile 
strength of MWCNTs was obtained which is in the range of 11 - 63 GPa [41]. In 
comparison, 316 stainless steel has tensile strength of around 1 GPa [42]. For single 
SWCNT the estimated tensile strength from polymer/nanotube composite rope is in the 
range of 22.2 GPa [43].  Table 1.2 summarizes the various properties of CNTs and 
compares them with other materials. 
 
Table 1.2: Comparison of nanotube properties with other comparable materials [44] 








MWCNT 1200 ~150 2.6 
SWCNT 1054 75 1.3 
SWCNT bundle 563 ~150 1.3 
Graphite (in-plane) 350 2.5 2.6 
Steel 208 0.4 7.8 




Novel electric properties of nanotubes have attracted great interest in applications in 
nano-electronics. Most of the effort has been devoted to individual semiconducting 
SWCNTs for transistors, memory and logic devices. SWCNTs can display fundamentally 
distinct properties without changing the local bonding places having significant 
advantages over other nanowire materials, it has been experimentally confirmed that a 
single SWCNT behaves like a quantum wire. Based on the synthesis method and its 




1.2). The conduction properties of CNTs are dependent on their electronic structure [15, 
45, 46]. The resistivity of purified SWCNT ropes or MWCNTs measured across four 
electrodes is comparable to or lower than 0.4 µΩm which is the same as that of pure 




SWCNTs have exceptional thermal properties as well. In vacuum, CNTs are stable up to 
2800
o
C whereas in air these are stable only up to 750
o
C [47]. Heat transmission of CNTs 
is predicted to be around 6000 W/mK at room temperature which is much higher than the 




The presence of magnetic field affects the band structure of SWCNTs drastically, 
affecting its electronic properties [49]. By manipulating magnetic field, the properties of 
SWCNTs can be changed from metallic to semiconducting and vice versa and SWCNT 











SWCNTs are strongly covalently bonded. Therefore, perfect SWCNTs are supposed to 
be chemically inert as they lack any functional group. Still, the reactivity of SWCNTs is 
affected by the lattice structure, diameter and defects [51]. 
 
End caps of SWCNTs are more reactive than the walls [50, 52]. Therefore, covalent 
functionalization of CNT walls requires highly reactive agents. Therefore SWCNTs are 
chemically more inert than graphene sheets having open edges [53]. 
In order to prepare functionalized SWCNTs, they are chemically oxidized [52]. It has 
been shown that different functional groups (-OH, -COOH, -COO-) can be attached on 




All these outstanding properties of carbon nanotubes have led to a wide range of 
applications. In particular, the mechanical properties such as high elastic modulus, high 
elasticity and ability to sustain extremely high strains (40% and above) without 
brittleness, plastic deformation, or bond rupture make the CNTs ideal candidate as 
composite fillers. The electric, optical and chemical properties of the CNTs make them 
attractive for high tech applications. 
 
1.2.4.6 Chemical characteristics
1.3 Engineering Applications of nanotubes 
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The high surface area assumes potential applications of CNTs as materials for energy 
storage, catalysis or as markers in biological and electrochemical sensors. Essential 
devices like field – effect transistors (FET) used to manufacture screens for handheld 
devices have been developed using carbon nanotubes which are 1 million or more times 
responsive than typical silicon based FET as well as these are tiny in size [10]. Figure 1.5 
shows some of the applications of CNTs. 
 
     
 





Figure 1.5: Applications of carbon nanotubes, (a) SWCNT FET for photonic and optoelectronic devices [55], (b) 
fuel cell using SWCNTs [56], (c) single-molecule detection of H2O2 using surface-tethered DNA–SWCNT 
complexes [57, 58] (d) SEM image of a MWCNT on AFM probe [59], (e) SWCNT FET as thrombin sensor [57, 













Owing to exceptional mechanical and electric properties, single walled carbon nanotubes 
possess an outstanding position in the panoply of nanomaterials enjoying wide range of 
applications [9]. From the engineering standpoint, it remains a challenge to utilize these 
properties in “handable” devices: the carbon nanotubes are commonly available in a 
powder form which requires further processing in order to embed the nanotubes in the 
fibers, films etc [7, 62-67]. Therefore to obtain a good dispersion of nanotubes is a 
challenge. 
 
From engineering standpoint, utilization of CNTs in fibers is the most challenging and 
rewarding problem. However fiber is considered as a building block for many materials 




One approach is to make neat carbon nanotube fibers [20, 69-72]. In this approach, CNT 
yarns were spun from the CNT forests synthesised by CVD process (Figure 1.6). When 
the nanotubes were pulled away from the synthesized nanotube forest, the nanotubes 
cling together and form continuous strand. In this way twist was also imparted to the fiber 
strand which helped in strengthening the nanotube fiber. The advantage of this method is 
1.4 Fibers made of carbon nanotubes 
1.4.1 Processing of Neat CNT Yarns 
15 
 
that there is no need for dispersion of the nanotubes in some liquid and the resulting 




In another neat CNT fiber production method, the fibers were produced by spinning 
surfactant dispersed nanotube in 37 % hydrochloric acid aqueous solution as coagulation 
medium [64]. In this process, change of pH causes the dispersed nanotubes to 
agglomerate and form the fiber. Though the initial tensile strength and breaking 
elongation of the fiber was very low, it was improved by immersing the fiber in polyvinyl 
alcohol solution which infiltrated the fiber and increased the tensile properties of the fiber 
thus converting it to polymeric-nanotube fibers.  
 




Figure 1.6: Scanning Electron Micrographs of a CNT showing the overall spinning process Yarn diameter is 
around 3 mm; CNT length is around 250 mm; active length of forest for spinning is around 600 mm. (A) 
Overview; (B) close-up of self-assembly of CNTs; (C) twist insertion and (D) yarn structure [20] 
 
Neat SWCNT fibers were produced by solution spinning as well [73]. In this method 
around 4 wt % nanotube is dispersed in 102 % sulphuric acid. The nanotubes formed 
charge-transfer complex of individual nanotubes which were positively charged and 
surrounded by sulfuric acid anions. These nanotubes then aligned and made ordered 
domains. This dispersion was then solution spun in water where nanotubes precipitated 
out and produced neat nanotube fibers (Figure 1.7). These fibers possessed very high 
modulus (around 120 GPa) and very low electrical resistivity. The tensile modulus of 
these fibers was not good (116 MPa). One of the biggest disadvantage of this method was 
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the need to handle highly toxic and corrosive chemicals like 102 % sulphuric acid thus 
limiting the use of this method in industry due to environmental and safety concerns.  
 
Chemical vapour deposition (CVD) process to synthesize neat CNT fibers was also used 
to produce fibers. In this process as mentioned in Ref [74, 75], ethanol was used as the 
raw material and along with a mixture of chemicals as catalyst for nanotube production, it 
was continuously flowed through the CVD furnace where nanotubes were synthesized 
and came out with the gas flow where they were wound on a spindle. These fibers had 
very good electrical conductivity and tensile properties. It was also possible to introduce 
twist in these fibers during the manufacturing process.  
 
Another method of producing neat nanotube fibers was mentioned in Ref [76]. In this 
method highly purified nanotube was dispersed in N,N-dimethylformamide (DMF) with 
concentrations of around 0.01 mg/ml. In this dispersion a silver coated carbon fiber was 
dipped and a low voltage was applied across the silver coated fiber, the fiber was then 
pulled out slowly from the solution using a motor leading to formation of symmetric 
cloud of nanotubes around the carbon fiber which were extruded into a neat CNT fiber. 
 
Table 1.3 summarizes the various methods of producing neat CNT fibers and their 
mechanical and electrical properties along with advantages and disadvantages of the 




Figure 1.7: Solution spinning process of SWCNTs in 102 wt % sulfuric acid. A) Mixing and extrusion of 




To process nanotubes with different mixtures and/or polymer solutions dispersion of 
nanotubes is really important. The formation of stable dispersions is typically achieved 
by chemical treatment of the nanotubes followed by application of ultrasound. Various 
research groups have developed different techniques for dispersing CNTs. 
 
The most common method of dispersing nanotubes in a solvent is through application of 
surfactants like SDS, Triton-X 100, Tween 80 [77, 78]. After mixing the CNT powder 
with an aqueous solution of these surfactants, the mixture is typically sonicated to obtain 
uniform dispersion. Different biopolymers like deoxyribonucleic acid, chitosan 
1.5 Dispersion of Nanotubes 
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hyaluronic acid are also used to disperse nanotubes followed by sonication [79].  
Dispersants like Disperbyk-2150, and alcohol (eg. Ethanol) are also used as dispersion 
agents [80, 81].  
 
To improve the dispersion of nanotubes in different mixtures or polymer solutions, 
nanotubes are functionalized as well. As mentioned in Ref [81] functionalization like 
fluorination enhances the dispersion of nanotubes upon sonication in alcohols [82]. 
Another example is given in Ref  [83]  where the nanotubes were functionalized with 





Neat CNT fibers may have excellent mechanical and electrical characteristics similar to 
CNTs but suffer from the high cost of the underlying material and a limit on the property 
modifications which is important for a wide variety of applications. Polymer-CNT 
composite fibers offer the flexibility of tuning the property of polymers with adding 
different types and volumes of the CNTs. In this dissertation, the main focus of research 
is directed toward the development of a commercially viable method of spinning 
polymer-CNT composite fiber. In the sections below we discuss and compare various 
methods of forming polymer-CNT fibers developed by research groups worldwide along 
with a comparison of the final mechanical and electrical properties of obtained fibers. 
1.6 Processing of Polymer-Nanotube Fibers 
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Table 1.3: Process for manufacturing neat nanotube fibers and their properties along with advantages and 


























































































































































Multiple groups have developed different methods for producing CNT reinforced fibers 
using different polymers such as polypropylene, polylactic acid, nylon, etc [83, 85, 86]. 
One of the easiest ways of making fibers is through melt spinning, where CNTs are 
blended with and sonicated in a molten polymer followed by extrusion through the die/ 
spinneret to form fibers [85, 86].  
 
As disclosed in Ref [86], SWCNTs were mixed with decalin and sonicated and then 
polypropylene pellets were mixed and thereafter the mixture was sonicated again. 
Subsequently, it was spun in extruder using melt spinning process where the nanotube 
loading was limited to 2 wt %. Manufactured fibers with nanotube loading of more than 1 
wt % had worse tensile properties compared to neat fibers with nanotube loading less 
than 1 wt %.  
 
In Ref [87]  polymethyl methacrylate fibers were successfully melt spun. The nanotube 
loading was limited to 1 wt % because of phase separation above this concentration. The 










Poly(p-phenylene benzobisoxazole)  had been synthesized in the presence of SWNTs in 
poly(phosphoric acid) in typical polymerization conditions of this polymer [88]. The 
synthesized polymer-nanotube mixture was then spun into fibers using dry-jet wet 
spinning. The tensile strength of fibers containing 10 wt % SWCNTs was around 50 % 
higher than that without SWCNTs. 
 
Fibers were produced by adding nanotubes in pitch to produce nanotube loaded carbon 
fibers which enhanced the tensile and conductive properties of the fiber in several times 




Another approach is to use in-situ polymerization which is very popular in case of nylon 
– CNTs composite fiber [83]. 
 
 
As mentioned in Ref [90] nylon-SWCNT composite fibers were produced by in-situ 
polymerization with varying nanotube loading between 0.1 to 1.5 wt %. With 1 wt % 
loading, the composite fibers demonstrated around 130 % increase in tensile strength and 
150 % increase in tensile modulus. But the loading was limited to low values due to 
1.6.2 Dry-jet spinning 
1.6.3 In-situ polymerization 
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agglomeration of nanotubes in the fiber at higher loading. Electrical conductivity 




Ideally, one intends to make a fiber which would consist of an interwoven structure of 
nanotubes and polymeric chains: nanotubes would provide the strength and electrical 
conductivity, while polymeric chains would give the toughness [91]. This would make 
the fibers unique and distinguishable from any composite materials where the reinforcing 
elements are much larger than the polymeric chains and thus are incorporated into a 




In making CNT – polymeric fibers, generally there are no overriding factors guiding the 
choice of polymer matrix. As seen in most cases, the CNTs agglomerate above certain 
level of CNT loadings (2-5 wt %) [93, 94]. Several approaches have been reported 
towards functionalization of carbon nanotubes to alleviate agglomeration. These includes 
direct covalent functionalization like halogenations [81, 95-97], hydrogenation [98], 
arylation [99], amination [100], cycloaddition [101], addition of nitrenes, carbenes and 
radicals [102], indirect covalent functionalization like amidation or acylation [103-105], 
non-covalent functionalization using polymer [106] or deoxyribonucleic acid (DNA) [79] 
1.6.4 Wet Spinning 
1.6.4.1 CNT Agglomeration and Functionalization
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wrapping to improve water solubility. CNT functionalization resulting in creation of 
some reactive sites helped to improve the interaction between CNTs and polymer matrix 
and reduced agglomeration although there was not significant improvement in the CNT 
loading [101, 107-109].  
 
For example, as reported in Ref [97], fluorinated nanotubes were mixed with polystyrene 
to make nanotube-epoxy composite but the loading of nanotube was limited to around 1 
wt % which resulted in an increase of modulus of elasticity by 25 % and of tensile 
strength by 12 %.  
 
Ester functionalized nanotubes were compared with non functionalized nanotubes in 
preparing membrane of electrospun nanofiber with polyurethane (PU) matrix [110]. 
While comparing with control PU matrix, the functionalized nanotube - PU membrane 
showed an increase of 104 % of tensile modulus whereas non-functionalized nanotube - 
PU membrane showed only 46 % increase. But these functionalization processes are 
multiple step process making the sample production process difficult and environment 
unfriendly due to the use of hazardous and toxic chemicals in the process. 
 
Because of these difficulties, the industrial wet spinning of fiber from CNT-polymer 
mixture has not been commercially successful so far. In wet spinning, the dope is 
extruded from the spinneret into the coagulation bath where the polymer precipitates out 
to form fiber.  
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The major challenge in wet spinning of fibers with non-functionalized CNTs is that the 
nanotubes tend to agglomerate before the extruded jet gets in a coagulation bath [65, 
111]. This limits the existing methods to about 5 wt % of nanotube fraction in the dope 
[93, 112]. On the other hand to use CNT-based fibers as artificial muscles, super 
capacitors, and support for biomedical devices, one needs to significantly increase the 
level of CNT loading in the composite fiber of CNTs and polymer. This would guarantee 
good electrical and thermal conductivity along with sufficient strength and flexibility of 




Existing approaches to spin highly loaded SWCNT-based fibers from solutions are 
mostly based on the method suggested in Ref. [65], when dispersion of carbon nanotubes 
is injected in polymer-containing coagulation bath [113, 114]. The authors of Ref [65] 
called this method the particle coagulation spinning (PCS) (Figure 1.8).  In PCS 
approach, the SWCNTs prepared for example, by HiPCo process [115], were dispersed 
by sonication in the aqueous solution of sodium dodecyl sulphate (SDS). Then this 
SWCNT dispersion was injected in the polyvinyl alcohol (PVA) solution as shown in 
Figure 1.8. When it comes in contact with the polymer solution the SWCNT dispersion 
coagulates producing the SWCNT-PVA fibers. Some modifications of this method have 
been reported in the literature, for example, the CNT dispersion has been coaxially 
extruded with the PVA solution to produce tough polymeric-CNT fibers with very good 
1.6.4.2 Particle coagulation spinning
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tensile properties [7, 67, 116]. The fibers produced by this method demonstrated good 
potential for use as microelectrodes [117].  
 
In this PCS method, instead of using SDS to disperse the nanotubes, biomolecules like 
DNA were also employed to produce fibers [118]. The fibers show very good electrical 
conductivity but low tensile strength.  
 




In the spinning process of nanotube - polymeric fibers as mentioned in Ref [65] or its 
modifications [113, 114, 118] there is no practical way to have positive control on the 
amount of SWCNTs in the fiber: the amount of collapsed polymer is unknown hence the 
1.6.4.3 Drawbacks of PCS method
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CNTs concentration in the formed fiber varies from one experiment to the other. 
Moreover the produced fibers were very sensitive to the environment: small changes of 
the process parameters might result in a significant variation of the fiber properties [116]. 
Additionally, this spinning method is not industrially viable as the coagulation bath 
contains polymer solution whereas in conventional wet spinning method the polymer 
solution is injected in the coagulation bath to form fiber.  
 
Table 1.4 presents properties of polymer-CNT fibers manufactured using wet spinning 




Polymer – CNT fibers have a multitude of applications from energy storage to 
biomedical. Due to the high cost of the CNTs, high volume applications of polymer – 
CNT composite fibers are still some time away. Dropping cost, particularly of MWCNTs 
will make it possible to build large volume CNT reinforced fibers for structural and 
functional applications in near future. Besides structural applications, one of the major 
advantages of CNT – polymer fibers is the functionality that CNT imparts to the fibers 
which can then be used as sensors, actuators and active devices [65-67, 111, 119]. There 
are multitudes of possibilities to use these fibers to create smart textiles for human body 
sensing, structural monitoring, environmental applications, large scale energy scavenging 
and storage. 
1.7 Applications of Polymer-Nanotube Fibers 
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Low volume, high value-add applications of current polymer – CNT fibers are in 
biomedical industry as sensory fibers to monitor health conditions including state of a 
wound [65]; in space industry as light weight, high performance solar sails [120]; in 
energy storage and generation as batteries [67], supercapacitors and embedded solar cells 
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The research effort discussed in this dissertation focuses on the production and 
characterization of polymeric fibers with high-loading of carbon nanotubes. The ultimate 
aim is to enable high electrical conductivity together with increased tensile strength and 
stability in electrochemical solutions so that these fibers can be used in various sensory 
applications, such as biomedical supports, microelectrodes, actuators to name a few. The 
fiber manufacturing process is based on an industrially used wet spinning method. To the 
best of our knowledge this process has been employed for the first time to produce 
polymeric fibers with high nanotube loading. Taking into consideration the drawbacks of 
particle coagulation spinning, the wet spinning method is developed to enable 
commercial viability of producing fibers with high loading of carbon nanotubes. 
 
The surfactant enabled nanotube dispersion in aqueous media is analyzed to choose the 
optimum range of surfactant concentration for the desired nanotube loading. The polymer 
– nanotubes combination was selected to mitigate the agglomeration of nanotubes at high 
concentrations in the polymeric – composite fiber, while ensuring the fiber 
biocompatibility. By adding the known amount of nanotubes and polymer in the spinning 
solution, we achieved control of nanotubes in the composite fiber. 
 
Physical and morphological characterizations provide the understanding of the 
distribution of nanotubes in the fiber and effect of nanotubes on the composite fiber. The 
1.8 Scope of Research 
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wet spun electrostatically assembled alginate – nanotube fibers were not stable in 




 ions. Therefore, the fibers were 
chemically modified to incorporate covalent crosslinking. Finally, by studying the 
stability and swelling behavior of the fiber in different chemical environment, we could 
ascertain the feasibility of applying these fibers as sensors in biomedical applications. 
The pH sensitive swelling behavior of the covalently crosslinked alginate – nanotube 
fibers was also demonstrated and showed potential application in the area of actuators 




Chapter 2 Analysis of stability of nanotube dispersions using surface tension isotherms 
Chapter 3 A method for wet spinning of alginate fibers with a high concentration of 
single-walled carbon nanotubes 
Chapter 4 Stabilization of single walled carbon nanotube – alginate fibers in aqueous 
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In this chapter, we present the analyses of surface tension of surfactant-stabilized 
dispersions of carbon nanotubes. This method allows us to study interactions of carbon 
nanotubes with surfactants at different levels of nanotube loading when optical methods 
fail short in quantifying the level of nanotube separation. Sodium dodecyl sulfate was 
used as a stabilizing agent to uniformly disperse single walled carbon nanotubes in an 
aqueous media. We show that surface tension is very sensitive to small changes of 
nanotube and surfactant concentrations. The experimental data suggest that at moderate 
concentrations, surfactant displaces carbon nanotubes from the air-water interface and the 
nanotubes are mostly moved into the bulk of the liquid. Analyzing the surface tension as 
a function of surfactant concentration, we obtained the dependence of critical micelle 
concentration on nanotube loading. We then constructed the adsorption isotherm for 
dodecyl sulfate on carbon nanotubes and bundles of carbon nanotubes. The results of 
these experiments enabled us to extend the phase diagram of the produced dispersions to 
a broader range of surfactant and nanotube concentrations.  
 
CHAPTER 2:  ANALYSIS OF 
STABILITY OF NANOTUBE 
DISPERSIONS USING SURFACE 
TENSION ISOTHERMS 





Single walled carbon nanotubes (SWCNT) are typically produced in a powder form 
where the nanotubes are bundled and clustered owing to extensive van der Waals 
interactions, so that single nanotubes are seldom to find [1]. Direct mixing of nanotubes 
with most common solvents or polymers results in a dispersion of nanotube clumps, 
bundles, and ropes [2].  Dispersing the nanotubes in a liquid media, one requires either 
physic-chemical means to separate bundles, for example, using surfactants [3, 4] and 
chemical functionalization of carbon nanotubes [5-13], or by applying physical methods 
such as strong sonication or melt mixing [14-16]. Aqueous solutions of surfactants are 
more attractive than different toxic solvents (like N-methyl-pyrrolidone, dimethyl-
formamide, cyclohexylpyrrolidone, 1-benzyl-2-pyrrolidinone, etc.) used for the 
preparation of nanotube dispersions [17], hence the former received greater attention in 
recent years. A wide variety of surfactants have been used to disperse nanotubes in 
aqueous solutions [3, 4]. Ionic surfactant Sodium Dodecyl Sulfate (SDS) is the most 
popular stabilizing agent for the preparation of nanotube dispersions in aqueous media 
[18-20]. We used SDS in this study. Preparation of uniform dispersions with high 
concentration of nanotubes is an important step in making multifunctional SWCNT-based 
nanocomposites with metallic level of electric conductivity [19, 21]. 
 
However, a homogeneous dispersion of carbon nanotubes is difficult to obtain, especially 




molecules and nanotubes are poorly understood and hence the methodology of nanotube 
stabilization against aggregation is still under development. A lack of reliable 
experimental data on nanotube structuring at different physico-chemical conditions 
hinders the progress in this field.  
 
Traditional characterization methods are based on the examination of absorption spectra 
or dynamic light scattering in the dispersion that is feasible only at very low nanotube 
loading, typically 0.01 wt % of nanotubes or even lower; atomic force microscopy, 
scanning electron microscopy, and transmission electron microscopy, all assume first 
dilution and then drying of the samples on a substrate where the structure of nanotube 
bundles and clumps is observed [22-29]. However, dilution of the dispersion causes 
structural changes to the nanotube networks in the dispersion. Consequently, the 
nanotube interactions and the state of the nanotube dispersion undergo substantial 
alteration from concentrated to diluted states, making the diluted dispersion non-
representative of the original dispersion. Therefore, these characterization techniques are 
inappropriate for studying highly loaded nanotube dispersions [30].  
 
Optical microscopy is the most attractive and informative technique to study the 
uniformity and stability of the nanotube dispersions [19]. It allows one to obtain the 
phase diagram of surfactant-nanotube dispersion. Viscosity measurements of nanotube 
dispersions with high loading appears to be a valuable method as well [31]. This method 
was used to analyze the formation of different ordered phases of the nanotubes in an 
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aqueous solution. Depending on the attraction between the surfactant and nanotubes, the 
time required for the phase separation of the dispersion into an optically observable liquid 
crystalline phase in equilibrium with an isotropic phase was shown to be measurable 
through the viscosity change of the solution.  
 
However, none of the available methods provide a quantitative way to characterize 
dispersions in a wide range of nanotube loading particularly when the dispersion turns 
black/opaque. Therefore, there is a need for a characterization method that would be able 
to assess the state of the nanotube assembling when other methods fall short. The analysis 
of surface tension isotherms has been widely used for characterizing surfactant solutions 
[32-37]. Since this method is not affected by the color of the liquid, we used this method 
to investigate the effect of nanotubes on the surface tension of the dispersion at different 
levels of nanotube loading.  
 
This chapter is organized as follows. We first introduce the hypothesis that at moderate 
concentrations, Dodecyl sulfate ions (DS ions) displaces carbon nanotubes from the air – 
water interface. We then explained the experimental protocol for the study of the surface 
tension isotherm. The analyses of critical micelle concentration, phase diagram, and 
adsorption isotherm of DS ions on nanotubes follow next.  We conclude with a summary 






SDS molecules are electrolytes containing charged hydrophilic heads and lipophilic fatty 
tails [Figure 2.1 (a)]. In an aqueous solution, SDS dissociates into positively charged 
sodium ions and negatively charged fatty tails of dodecyl sulfate ions. After sonication, 
the bundles of nanotubes are separated and then the negatively charged hydrophobic fatty 
tails adsorb on the nanotube. Since the nanotubes are conductive, the ions can be attached 
to the walls by image charges, hence the interactions of ionic surfactants with nanotubes 
are more complex than just van der Waals interactions between fatty tails and carbon. 
Ideally, when surfactant is in excess, one would expect to have a dense coating on the 
hydrophobic carbon nanotubes (CNT) [Figure 2.1 (b)] [21]. Consequently, the charged 
surfaces of nanotubes would repel each other preventing nanotubes from agglomeration 
[Figure 2.1 (c)] . This way, one would make a uniform dispersion of the nanotubes in the 
















Figure 2.1: a) Chemical structure of Sodium dodecyl sulfate; (b) Schematic of SDS adsorption on the nanotube 
surface in an ideal case of full coverage of the nanotube; (c) Electrostatic stabilization of the dispersion. 
 
Consider first the case of a SDS-water solution without any carbon nanotubes. At low 
surfactant concentrations, the dodecyl sulfate ions are rarely distributed at the air-water 
interface. Their polar heads stay dipped in water, while the fatty tails tend to escape from 
water projecting the tail towards air [Figure 2.2 (a)]. Once the solution is saturated with 






shown in Figure 2.2  (b), the surfactant molecules in the bulk associate to form clusters in 
a form of spherical micelles or some other more complicated forms. In the micelles, the 
hydrocarbon chains come together to form spherical clusters with the polymer chains 
hidden in the core and polar heads pointing outwards [Figure 2.2 (b)].  The concentration 
of surfactant at which the micelles start forming is called the critical micelle 
concentration (CMC). Above the CMC, one observes almost complete coverage of air-
water interface with fatty tails [35]. Consequently, the surface tension stays almost 




Figure 2.2: SDS molecules in water: (a) below CMC, and (b) above CMC. 
 
With the addition of carbon nanotubes to the SDS-water solution, the picture of surface 
coverage by surfactant becomes more complicated, especially at very low concentrations 
of surfactants. Recent study of the CMC of a dispersion of multi-walled carbon nanotubes 







low surfactant concentrations, some nanotubes can be found at the air-water interface 
owing to the nanotube hydrophobicity. However, in nanocomposite manufacturing, this 
range of surfactant concentrations is of no importance and we do not discuss it. For 
nanocomposite manufacturing, the most important range of surfactant concentrations is 
that when all nanotubes and bundles of nanotubes are partially covered with surfactant, so 
that the nanotubes are sunk into water or lifted above the air-water interface by the 
surfactant layer. We concentrate our efforts on the analysis of this level of nanotube 
dispersion.  
 
Compared to the identical SDS solution without nanotubes, in the nanotube loaded 
dispersion, some of the DS ions are adsorbed by the CNTs. Therefore, the surface tension 
of the nanotube-SDS dispersion should increase due to a reduction in the number of the 
DS ions sitting on the air-water interface [Figure 2.3 (a)]. Consequently, to achieve a 
similar level of surface coverage as that of a SDS-water solution, one needs to dissolve 
more SDS molecules. As the surfactant concentration increases further, the air-water 
interface and the nanotube surface will ultimately be saturated with the surfactant [Figure 
2.3 (b)]. By adding more surfactants, one would not change the surface coverage, so that 
the extra DS ions will subsequently come together and form micelles [Figure 2.3 (c)].  
 
Therefore, below the CMC of the carbon nanotube loaded SDS-water solution, the 
surface tension should not be constant but should depend on surfactant concentration. 
This variation of surface tension can be quantitatively analyzed as a function of nanotube 
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loading. In addition, from the surface tension measurements, we expect to predict the 
CMC of the nanotube dispersion. We assume that the nanotubes when added in the SDS 
solution are fully absorbed in the dispersion and only DS ions stay at the air-water 
interface. We examine this assumption experimentally.  
 
 
Figure 2.3: Interaction of SDS - CNT: (a) below the CMC of the dispersion, (b) at the CMC of the dispersion, 
and (c) above the CMC of the dispersion. 
    
 
High grade single walled carbon nanotubes were supplied by Nanoledge S.A., France. 
Surfactant, sodium dodecyl sulfate, was purchased from Mallinckrodt Baker Inc. Three 
stock solutions of 3.47 mM, 34.68 mM and 346.77 mM SDS were prepared in 500 ml of 
distilled water. After preparing the stock solutions, the 3.47 mM SDS solution was 
diluted to prepare four solutions in the range of 0.347 – 3.468 mM SDS concentrations. 
34.68 mM solution was diluted to prepare six solutions in the range of 5.20 - 17.34 mM 
2.4 Experimental  
2.4.1 Preparation of nanotube dispersions 
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and the 346.77 mM SDS solution was diluted to prepare the rest five solutions ranging 
from 52.01 – 346.77 mM SDS concentrations. For each solution, six 20 ml vials were 
filled with 7 ml of the solution and six dispersions were prepared by adding carbon 
nanotubes between 0 to 6 mg/ml in the solution and then sonicated for 15 min using a 
high power horn sonicator (Branson Sonifier 450). Here we define the nanotube loading 
as mass of nanotubes per volume of solvent (mg/ml). A total of 90 dispersions (six 
different nanotube loadings and for each nanotube loading fifteen different SDS 




The dispersions were transferred to rectangular capillaries with the length, width and 
thickness of 10 cm, 0.5 cm, and 0.05 cm respectively. Microscopic images of the samples 
were taken using Dalsa Falcon 1.4M100 XDR video camera attached to Olympus 




Surface tension of the prepared samples were measured using Kruss DSA10 instrument 
with 0.5 mm needle for solutions with SDS concentration below 17 mM. The 1.25 mm 
needle was used for the solutions with SDS concentration between 17 to 87 mM; and the 
2.5 mm needle was used for the solutions with higher SDS concentrations. Densities of 
2.4.2 Optical imaging 
2.4.3 Surface tension measurements 
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the liquids were calculated assuming that the volume does not change upon addition of 
the surfactants and nanotubes, Table 2.1. The images of pendant drops were captured and 
analyzed using Kruss DSA software. A sequence of droplet shapes when the SDS 
concentration was increased is shown in Figure 2.4. The surface tension changed from 68 
mN/m to 35 mN/m from Figure 2.4 (a) to Figure 2.4 (e).  
 







SWCNT concentration (mg/ml) 
0.00 0.75 1.50 3.00 4.50 6.00 
Dispersion density (g/ml) 
0.347 0.10 1.0001 1.0009 1.0016 1.0031 1.0046 1.0061 
0.867 0.25 1.0003 1.0010 1.0018 1.0033 1.0048 1.0063 
1.734 0.50 1.0005 1.0013 1.0020 1.0035 1.0050 1.0065 
3.468 1.00 1.0010 1.0018 1.0025 1.0040 1.0055 1.0070 
4.335 1.25 1.0013 1.0020 1.0028 1.0043 1.0058 1.0073 
5.202 1.50 1.0015 1.0023 1.0030 1.0045 1.0060 1.0075 
6.069 1.75 1.0018 1.0025 1.0033 1.0048 1.0063 1.0078 
6.935 2.00 1.0020 1.0028 1.0035 1.0050 1.0065 1.0080 
10.403 3.00 1.0030 1.0038 1.0045 1.0060 1.0075 1.0090 
17.338 5.00 1.0050 1.0058 1.0065 1.0080 1.0095 1.0110 
52.015 15.00 1.0150 1.0158 1.0165 1.0180 1.0195 1.0210 
86.691 25.00 1.0250 1.0258 1.0265 1.0280 1.0295 1.0310 
173.382 50.00 1.0500 1.0508 1.0515 1.0530 1.0545 1.0560 
242.735 70.00 1.0700 1.0708 1.0715 1.0730 1.0745 1.0760 




Figure 2.4: Shape of droplets of aqueous solution of SDS at different concentrations: (a) 0.85 mM SDS, (b) 3.4 
mM SDS (c) 17 mM SDS (d) 52 mM SDS, (e) 242 mM SDS. 
 
 
The results of surface tension measurements of carbon nanotube dispersions are plotted in 
Figure 2.5 (a) for up to 17 mM SDS.  The experimental data for pure SDS solutions were 
compared with the data reported in the literature and summarized in Figure 2.5 (b). The 
comparison of our data points with those taken from the literature show very good 
agreement thus confirming that this method provides reliable results. When the SDS 
concentration exceeds 17 mM, the surface tension does not change appreciable any more. 
We do not show these points of high SDS concentration in Figure 2.5 (a) and Figure 2.5 
(b).  
 
The surface tension reaches its limiting value before the SDS concentration approaches 
17 mM. Due to definition, the critical micelle concentration is the concentration of 
surfactant where the slope of surface tension versus logarithm of surfactant concentration 
D = Diameter of the needle
a b c d e
2.5 Results and discussions  
2.5.1 Surface tension and adsorption isotherms  
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changes abruptly. This abrupt change of the slope of surface tension isotherm cannot be 
associated with a single SDS concentration, but with a range of concentrations. In 
particular, for SDS, the CMC is around 8 mM which can be seen in Figure 2.5 (b). 
 
 
Figure 2.5: (a) Surface tension isotherms for different nanotube loadings. (b) comparison of our data points with 
those found in the literature for aqueous SDS solutions without carbon nanotubes. [38, 39] 
 
Our hypothesis that the surface tension  is mostly controlled by the DS tails at the air-
water interface, not by carbon nanotubes, was validated by the analysis of the surface 
tension isotherms. Within the region of SDS concentrations below C < 8 mM, the slopes 








were found very close to each other, d/dC  - 4 ± 0.35 mN/m/mM, see Figure 2.6. In the 
first approximation, we can consider the slopes of all isotherms identical, and each new 
isotherm can be obtained from the isotherm of the SDS solution without nanotubes by 
shifting it to the right. This finding implies that the surface tension isotherm is mostly 




Figure 2.6: Surface tension isotherms for different carbon nanotube loadings. 
 
Using the obtained isotherms, the amount of surfactant adsorbed on the nanotubes was 
determined by comparing the surface tension of the nanotube dispersions with the surface 
tension of SDS solution without nanotubes. The surface tension of the SDS solution 
without nanotubes was regarded as a reference. Therefore, drawing the horizontal line 
y = - 4.332x + 69.389
y = - 4.087x + 69.639
y = - 3.658x + 68.354
y = - 4.015x + 74.489
y = - 4.0997x + 77.92




































corresponding to the given surface tension, one can find two intersection points of this 
line with the surface tension isotherms of the SDS solution with and without nanotubes. 
These intersection points 
SDSC  and C give two different concentrations of SDS, Figure 
2.7. Assuming that the surface tension isotherm is controlled solely by the SDS 
concentration, we can state that for the same surface tension, the difference between the 
SDS concentration in solution without nanotubes ( )SDSC and the SDS concentration in the 
nanotube dispersion (C) gives the amount of SDS ( )SDSC C C    adsorbed on the 
nanotubes.  Due to definition of the surface tension isotherm, value of      corresponds 
to the amount of SDS in the bulk. Therefore, plotting ( )C  as a function of SDSC , one 
can find the adsorption isotherm of SDS on nanotubes for each nanotube dispersion. In 
Figure 2.8, we plot this adsorption isotherms ( )SDSC C C   . As expected, when the 
nanotube loading is increased, the amount of SDS adsorbed on the nanotube aggregates is 
also increased. But the rate of increase is very different for low and high loadings of 




Figure 2.7: Illustration of the idea of evaluation of the amount of SDS adsorbed on two surface tension isotherms 
with almost same slope are shifted from each other by distance  SDSC C . Since the surface tension isotherm 
does not change the shape, it is assumed that the shift SDSC C  corresponds to the amount of DS adsorbed on 
nanotubes. 
 
For the dispersions with the nanotube loading less than ~ 1.5 mg/ml, or low loaded 
dispersions, the amount of DS adsorbed on nanotube aggregates stays almost unchanged 
until the SDS concentration reaches the 3SDSC  mM level. Only after 3SDSC   mM the 
adsorption isotherm of the low loaded dispersions begins to bend up.  This behavior is 
reproducible within the experimental error and it was observed on two different 
dispersions. The third dispersion with the nanotube loading of 3 mg/ml has a similar 
footage with a decrease of derivative / SDSd C dC  within 1 – 3 mM range of the SDS 
concentrations. The observed behavior is quite unusual for the colloid science suggesting 














Chi^2 =  0.73831





























favorable place than the nanotube aggregates. Because of a lack of thermodynamic data 
and limited information on the morphology of nanotube agglomerates, it is difficult to 
assess whether this behavior is caused by the larger surface area of the air-water interface 
or because of the energetic preference. In any case, this very interesting behavior of 
surfactant adsorption has never been reported in the literature on carbon nanotube 
dispersions and deserves a special theoretical analysis.  
 
Within the hypothesis, we can assign 8CMCSDSC   mM as the critical micelle concentration 
of SDS right underneath the air-water interface in nanotube dispersion. Therefore, 
drawing the vertical line at 8CMCSDS SDSC C   mM in Figure 2.8 and obtaining the amount 
of SDS adsorbed on nanotube aggregates, ( )CMCC SDSC C C   , we can determine the 
critical micelle concentration of SDS in the nanotube dispersion as CMC CMC
CNT c SDSC C C   . 
These values CMC





Figure 2.8: Adsorption isotherms of SDS on nanotube agglomerates in the dispersions with different nanotube 
loadings. 
 
Table 2.2: Variation of the critical micelle concentration of SDS with nanotube loading 
Nanotube loading in dispersion 
(mg/ml) 
CMC










Using the obtained adsorption isotherms, we can estimate the size of the nanotube 
aggregates in the dispersions. The starting point is the equation defining the amount of 































2.5.2 Estimates of surface area of nanotube aggregates  
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number of SDS molecules) ( )SDSN  adsorbed on the nanotubes is calculated from the 








       (1) 
where, C  is the SDS adsorption in millimoles/liter (mM) taken from Figure 2.8, 
AVN  is the Avogadro number, V  is the volume of the solution in 1/100 liters. The 
surface area 
SDSA of the DS tails adsorbed on nanotube aggregates is calculated as  
SDS SDS SDSA N a   ,                         (2) 
where SDSa  = 0.436 nm
2 
is the surface area occupied by a single DS tail placed 
perpendicularly to the surface with the polar head pointing toward the liquid [37].  
Substituting Eq. (1) into Eq. (2), we can estimate the surface area of the nanotubes 
covered by the surfactant as a function of SDS concentration in the bulk of liquid. The 
result of this analysis is plotted in Figure 2.9.  
 
From   it is clear that with increase the SDS concentration in bulk, the surface area of 
nanotubes covered with SDS is increasing which means the nanotube aggregate size is 
decreasing. For 0.75 mg/ml and 1.5 mg/ml nanotube loading dispersion we observe a dip 
in the graph which is quite interesting. But it was beyond my scope of research so we 




Using these results, we can analyze the level of aggregation of nanotubes in different 
dispersions. We model each nanotube aggregate as a bundle of nanotubes. Thus, the total 
surface area of the nanotube aggregates occupied by surfactants can be subdivided onto 
the surface areas of individual nanotubes or bundles of nanotubes. Considering different 
cases of nanotube packing shown in Figure 2.10  one can relate the corresponding surface 
areas with the measured ones.  As possible configurations, we select a single nanotube, 
Figure 2.10 (a), a hexagonal bundle of nanotubes, Figure 2.10 (b), and a rope of hexagon 
bundles, Figure 2.10 (c). The larger aggregates are modeled by packing the nanotube 
hexagons into larger ropes keeping the hexagonal symmetry of the aggregate.  
 
 
Figure 2.9: Surface area of carbon nanotube aggregates covered with SDS versus SDS concentration in the bulk 
of the dispersions with different carbon nanotube loadings. 
 
In order to calculate the surface area of these nanotube bundles, we first calculate the 



































































 ,                         ( 3) 
where CNTMW  is the molecular weight of the nanotubes which was estimated from Ref. 
[21] to be 6.89 × 10
6
 Da, w  is the nanotube loading in the dispersion in g/liter. The 
average length L and diameter D of the nanotubes were taken as L = 3500 nm and D = 





in the dispersion consisting of n  nanotubes in the bundle is 
calculated as 
/ .CNTbN N n       ( 4) 
 
Now the surface areas of different bundles can be calculated by estimating the number of 
nanotubes forming the outer surface of the bundle exposed to the liquid. We chose 
hexagonal packing of nanotubes in the bundles because this type of ordering provides the 
greatest nanotube density. In the case of hexagon bundles, Figure 2.10 (b), the total 
surface area of the bundle available for the surfactant corresponds to the surface area of 
only 3 nanotubes out of 7 nanotubes in the bundle. Similarly, from Figure 2.10 (c) we can 
see that only the surface area of 12 nanotubes is actually exposed to the liquid out of 49 
nanotubes in the bundle. Accordingly, the surface area of the ropes is calculated in a 
similar way, accounting for only outermost surface of hexagons. The surface area of 
different bundles and ropes is shown in Table 2.3 & Figure 2.11.  
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Figure 2.10: Model shapes of nanotube aggregates in the dispersion (a) separated nanotubes, (b) hexagonal 
bundle of nanotubes, (c) a rope of hexagonally-packed nanotubes. 
 






























CNTs in a 
rope) 
0.075 9.58 x 10
18
 4.11 x 10
18
 1.76 x 10
18
 7.54 x 10
17
 3.23 x 10
17
 
0.150 1.92 x 10
19
 8.22 x 10
18
 3.52 x 10
18
 1.51 x 10
18
 6.47 x 10
17
 
0.300 3.83 x 10
19
 1.64 x 10
19
 7.04 x 10
18
 3.02 x 10
18
 1.29 x 10
18
 
0.450 5.75 x 10
19
 2.46 x 10
19
 1.06 x 10
19
 4.53 x 10
18
 1.94 x 10
18
 
0.600 7.67 x 10
19
 3.29 x 10
19
 1.41 x 10
19
 6.04 x 10
18








Figure 2.11: The surface area of nanotube aggregates as a function of nanotube loading in a 10 ml volume 
dispersion. 
 
Figure 2.11 shows the results of calculations of the surface area of nanotube aggregates 
for different nanotube loadings. As expected, separated nanotubes give the largest surface 
area.   
 
From the comparison of Figure 2.9 and Figure 2.11, we can see that at all levels of 
nanotube loadings, the largest nanotube bundle consists of 2400 nanotubes provided that 
all bundles are of same size. For a constant nanotube loading, when the SDS 
concentration increases, the maximum size of the aggregate should decrease in order to 
explain an increase of the total surface area of the aggregates. Close to the CMC level of 
the SDS concentration, the number of nanotubes in the bundle dropped from 2400 to 50 




























case, the number of nanotubes in the bundle is reduced to 7 at the critical micelle 
concentration of SDS. This corresponds to almost two to three orders of magnitude 
decrease in the bundle size of nanotube aggregates. Therefore, the surfactant acts 
effectively to split the nanotube aggregates at low level of nanotube loading. These 
estimates were implicitly confirmed  by our experiments with carbon nanotube 
composites [21]. We produced fibers using the same dispersion with the nanotube 
loading of 6 mg/ml. An analysis of the size distribution of nanotube aggregates show that 
the aggregates with the diameters in few tens of nm were present in the material [21] 
which validates our estimates. Therefore, by analyzing the SDS adsorption isotherms, one 
can make reasonable estimate of the degree of exfoliation of nanotube bundles. It should 
be noted that the provided estimates were based on the assumption that the outer surface 
of the nanotube aggregates was fully covered with surfactants and all the aggregates were 
of same size. If the surface of the nanotube aggregate was not fully covered with 
surfactants because of the repulsion forces between two negatively charged tails of 




The analysis of surface tension and adsorption isotherms was further validated by 
examining optical micrographs of nanotube dispersions at different surfactant 
concentrations. The dispersion with the nanotube loading of w = 0.75 mg/ml was chosen 
as the most transparent. The sequence of images of internal structure of the nanotube 
2.5.3 Optical analysis of nanotube aggregation 
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dispersion at different SDS concentrations is shown in Figure 2.12.  With an increase of 
the SDS concentration, the uniformity of the dispersion is significantly improved. 
Micrographs of dispersions with the SDS concentrations below 6.9 mM showed clusters 
of nanotubes but after crossing the CMC at 8 mM, the dispersion became completely 
black, Figure 2.12 (g). With further increase of the SDS concentration above 87 mM, the 
clusters appeared again, Figure 2.12 (i).  
 
This analysis of the nanotube dispersion with 0.75 mg/ml nanotube loading suggests that 
the range of SDS concentrations where the dispersion is uniform lies between 10 mM to 
52 mM. The lowest limit of this SDS concentrations, C = 10 mM, corresponds to the 
critical micelle concentration extracted from the analysis of the surface tension isotherm. 
Thus, the results of the optical microscopy show a direct correlation between the critical 
micelle concentration of the SDS in nanotube dispersion and the lowest boundary for the 
SDS concentration guaranteeing the dispersion uniformity. Since the surface tension 
analysis can be done on solutions with different level of transparency, it can be 





Figure 2.12: Images of nanotube dispersion with the SWCNT loading at 0. 75 mg/ml in DI water with (a) 0.34 
mM SDS, (b) 0.85 mM SDS, (c) 1.7 mM SDS, (d) 3.4 mM SDS, (e) 5.1 mM SDS, (f) 6.8 mM SDS, (g) 17 mM SDS, 




Based on the analysis of the CMC concentration of SDS in the nanotube dispersions, we 
have plotted a phase diagram of the dispersion in terms of the SDS concentrations versus 
nanotube loading, Figure 2.13. As the boundary separating uniform dispersions from non-
uniform ones, we used the CMC for SDS found from the adsorption isotherms. The non-
shaded region below the straight line in Figure 2.13 corresponds to non-uniform 
dispersions. This region corresponds to the SDS concentrations below the CMC where 







2.5.4 Phase diagram 
73 
 
loading are sufficiently transparent and their examination with optical imaging was 
feasible. Therefore, we prepared few more nanotube dispersions with nanotube loading 
lower than 0.75 mg/ml varying the SDS concentration from 10 mM up to 243 mM. Based 
on the analyses of images, the B and C regions were separated. The B- region 
corresponds to the region of homogeneous dispersions obtained in Ref. [19]. In the C – 
region, we observe clusters and clumps concluding that this region corresponds to non-
uniform dispersions. We over-impose a phase diagram that is known from the literature 
[19]. This diagram has been constructed using optical analysis as described in the 
previous section. Region D on this phase diagram corresponds to a uniform dispersion 
[19].  The data points corresponding to the CMC boundary are close to the lower branch 
of the boundary that is proposed in Ref. [19].  But the boundary of Ref. [19] crosses our 
CMC boundary and goes below it. To analyze this region more carefully, we conducted a 
series of experiments as discussed in the previous section. It appears that the CMC 
boundary gives the right estimate of the stability region below 0.75 mg/ml nanotube 
loading. We also observed that the upper branch of the boundary of Region D should be 
moved down: in our experiments, the dispersions were found non-uniform above Region 
B. When surfactant concentration is very large, one expects to see not only micelles, but 
columns, lamellas, etc [32]. These surfactant superstructures are able to engulf many 
nanotubes and bundles of nanotubes covering them completely. As a result, the 
surfactant-covered nanotube aggregates are expected to be indistinguishable from the 
primary surfactant superstructures. The nanotube aggregates will therefore follow a 
somewhat similar thermodynamic pathway as the surfactant does, with inevitable phase 
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separation. This mechanism explains the hindrance of exfoliation of nanotubes at large 
SDS concentrations. Since the nanotube-surfactant dispersion is a two-component 
colloidal system, the possible scenarios of phase separations are much richer and are not 
limited to the scenario associated with a one-component system. 
 
 
  Area above the blue line where surface tension does not change (Region A) 
  Area showing uniformity of dispersion confirmed by optical microscopy (Region B) 
  Area showing non-uniformity of dispersion confirmed by optical microscopy (Region C) 
  Area showing uniformity of dispersion based on the prediction of Ref. [19] (Region D) 
Figure 2.13: Phase diagram of the nanotube-loaded dispersions. The CMC criterion forms the boundary 
separating uniform dispersions from non-uniform ones. The domain of the dispersion uniformity that was 
obtained from the optical microscopy analyses [19] is shown as Region D. 
 
We were unable to reproduce the analysis of Ref. [19] for greater nanotube loadings: 
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marked Region C as the region of nanotube agglomeration; hence the upper boundary of 
Region D for our nanotubes should be moved to the line separating Regions B and C. 
Since the nanotube quality changes from batch to batch, the phase diagram might change 
as well. We hence attribute this discrepancy between two phase diagrams to the 
difference of nanotube powders and, probably, different sonication times. Figure 2.13 
summarizes the results of this chapter together with those obtained in Ref. [19]. The 
regions above the CMC lines mark the composition candidates for the dispersion 
uniformity as follows from the CMC criterion. This criterion is definitely strict and is 
limited by the onset of micellization of the dispersion. Yet it is a helpful guideline for the 
formulation of stable uniform dispersions.  
 
 
Based on the results of Ref. [18, 19], one can see that to achieve higher conductivity in 
the fibers, high nanotube loading in the dispersion is must at the level of 3.5 mg/ml or 
greater. For a high nanotube loading greater than 6 mg/ml, the phase diagram, [Figure 
2.13], provides only lower boundary for the dispersion stability: the admissible 
concentration of SDS has to be greater than the associated CMC limit. The phase diagram 
does not provide us with the exact amount of the SDS concentration needed to prepare 
stable nanotube dispersion. 
 
2.6 Choice of nanotube dispersion for spinning 
nanocomposite fibers  
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We therefore were forced to check the stability of the dispersion for every concentration 
starting at 6 mg/ml and above it. For 6 mg/ml nanotube loading, we have chosen the 59 
mM SDS concentration as was recommended in Ref. [18, 19] and appeared above the 
CMC criterion of 12.25 mM [Figure 2.13].  Even after 6 months, the dispersions were 
stable as shown in Figure 2.14. Therefore we have kept the 59 mM SDS concentration to 
prepare the nanotube dispersion with 6 mg/ml nanotube loading. This dispersion was 
further used to produce polymeric-nanotube fibers as discussed in the next chapter. 
 
 




We have used the surface tension analyses to examine the stability of nanotube 
dispersions. Aqueous solution of sodium dodecyl sulfate (SDS) was used as the 
2.7 Conclusions  
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dispersion carrier.  We showed that the surface tension isotherms are sensitive to a small 
variation of surfactant and nanotube concentrations. The study of surface tension 
isotherm allowed us to put forward and confirm a hypothesis that the surface tension of 
nanotube dispersions is mostly controlled by the adsorbed surfactant: the surface tension 
isotherms look almost identical for different dispersion with a broad range of nanotube 
loadings. This hypothesis enabled us to estimate the amount of surfactant adsorbed on the 
nanotube aggregates. We also examined the efficiency of exfoliation of nanotube bundles 
by surfactants: the surface area of nanotube aggregates were estimated as a function of 
SDS concentration. Using the obtained critical micelle concentrations of SDS in the 
nanotube dispersions, we estimated the regions of dispersion stability and drew a phase 
diagram of the nanotube dispersion. A part of this diagram has been obtained in the 
literature by another method, and we enriched it with new results. The analysis of 
proposed phase diagram provided us a basis for the choice of the SDS concentration for 
the preparation of nanotube dispersion with the nanotube loading of interest. 
 
We believe that the proposed method will open an opportunity for the examination of 
different dispersions of carbon nanotubes, nanofibers, and graphene platelets when other 
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A method is described for the wet spinning of alginate fibers with a loading of single-
walled carbon nanotubes as high as 23 wt %. Electrostatic assembling of polyelectrolytes 
and nanotubes coated with sodium dodecyl sulfate is exploited by using calcium as a 
crosslinking agent. The Young’s modulus of these fibers depends non-monotonically on 
nanotube concentration which is explained using Halpin-Tsai and Voigt models. 
Scanning electron microscope micrographs and resistivity analysis of the fibers suggest 
that the nanotube-alginate system undergoes a morphological transition from a composite 
structure of discrete nanotube bundles embedded in an alginate matrix to a complex 
continuous structure consisting of a nanotube network interwoven into a macromolecular 
network of alginate. The nanotube-alginate fibers have unprecedented high flexibility and 
a very high electrical conductivity similar to semimetals (between germanium and 
carbon). 
 
CHAPTER 3:  A METHOD FOR WET 
SPINNING OF ALGINATE FIBERS 
WITH A HIGH CONCENTRATION 







Owing to exceptional mechanical and electrical properties, single-walled carbon 
nanotubes (SWCNTs) hold an outstanding position in the panoply of nano-materials, 
enjoying a wide range of applications in composites, biosensors, etc. [1-3]. From an 
engineering standpoint, using these properties in “handle-able” devices remains a 
challenge. Carbon nanotubes are commonly available in a powder form which requires 
further processing to embed the nanotubes into fibers, films, etc. [4-10].  
 
Formation of fibers from carbon nanotubes is a very challenging but rewarding problem. 
As a one-dimensional structure, the fiber in general is considered as a building block for 
various materials [11]. Flexibility, toughness, as well as electrical and thermal 
conductivity make nanotube-based fiber attractive as an ideal composite material. A 
natural choice for many textile applications would be a polymeric fiber enriched with 
SWCNTs [5, 8, 10]. In the last decade, extensive research has been done on nanotube-
reinforced polymeric fibers. For example, polypropylene, polylactic acid, nylon, 
polyacrylonitrile and many other polymeric matrices have been employed in the 
manufacture of carbon nanotube-based fibers [12-15]. Ideally, the intent is to make a 
fiber that would consist of an interwoven structure of nanotubes and polymeric chains. 
The nanotubes would provide strength as well as electrical and thermal conductivity, 




would make the fibers unique and distinguishable from other composite materials where 
the reinforcing elements are much larger than the polymeric chains [17].  
 
In most cases, spinning of carbon nanotube – polymeric fibers is an art rather than a 
science. Typically, the nanotubes agglomerate, leading to polymer jet instability and 
breakup [18]. The nanotubes tend to agglomerate even before the extruded jet gets into a 
coagulation bath [8, 19]. Without any special nanotube functionalization, the existing 
spinning methods cannot provide greater than a 5 wt % loading of the carbon nanotubes 
[20, 21].  However, practical applications of carbon nanotube-based fibers in artificial 
muscles, super capacitors, and supports for biomedical devices require substantially 
greater quantities of nanotubes, in order to guarantee good electrical and thermal 
conductivity, along with sufficient fiber flexibility and strength. 
 
Several spinning methods have been suggested for making fibers from neat nanotubes 
[22, 23] and from polymer solutions containing nanotubes [8, 18, 24]. Neat nanotube 
fibers and polymeric nanotube fibers have different properties and therefore different 
applications. Existing approaches for the production of nanotube-based polymeric fibers 
from solutions are mainly based on particle coagulation spinning (PCS) [8], where the 
dispersion of carbon nanotubes is injected into a coagulation bath containing polymer 
solution [18, 24, 25]. In the PCS approach, the nanotubes prepared, for example, by high-
pressure carbon monoxide process [26], are dispersed by sonication into an aqueous 
solution of sodium dodecyl sulfate (SDS). This dispersion is then injected into the 
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polyvinyl alcohol (PVA) solution. When the dispersion comes in contact with the 
polymer solution, the nanotubes and polymers coagulate, producing the nanotube-PVA 
fibers. A modification of this method was also reported in the literature, wherein the 
nanotube dispersion was extruded coaxially with the PVA solution [25]. Different 
polymers such as hyaluronic acid, DNA, and chitosan have also been proposed for 
stabilization of nanotube – polymer dispersions in different solvents [27]. With the PCS 
method [8] or its modifications [18, 24, 25], it is practically impossible to control the 
loading of nanotubes in the fiber: in the coagulation bath, the amount of collapsed 
polymer varies with every run and hence the nanotube concentration in the formed fiber 
differs from one experiment to another. Small changes in the process parameters result in 
a significant variation in the fiber properties, moreover, the produced fibers are very 
sensitive to the environment [25].   
 
In this chapter, we suggest a new wet spinning approach that employs a polymer-free 
coagulation bath. The proposed method is based on electrostatic assembly of carbon 
nanotubes and the polymer allowing a significant increase in the nanotube loading. Our 
idea and experimental protocol might provide a rational basis for enrichment of the 
library of polymers suitable for fabricating carbon nanotube composites. The proposed 
method increases the nanotube loading well beyond the percolation limit. An additional 
advantage is that polyelectrolytes with the required properties can be dissolved in a 






We have used single-walled carbon nanotubes coated by the ionic surfactant SDS, which 
has a fatty tail and a polar head. The idea is to take advantage of the ionic crosslinking 
ability of polyelectrolytes in the presence of surfactant-coated nanotubes. Since the 
nanotubes and polyelectrolytes (here alginate polymer chains) have comparable 
diameters and are going to be electrostatically bound, the resulting material is expected to 
be very strong and functional.  
 
In previous chapter, Section 2.3, the interaction between nanotubes and surfactant has 
been discussed in details. In the surfactant enabled nanotube dispersion, the negatively 
charged DS coat the nanotubes which tend to repel each other. Therefore, the DS coated 
nanotubes do not agglomerate in the nanotube dispersion. 
 
The polymer used is sodium alginate (another polyelectrolyte), which is well known for 
its biocompatibility, cost-effectiveness, and abundant availability, and has been well 
studied for fiber preparation through wet spinning [28, 29]. Alginate is a product of 
copolymerization of 2 monomeric units, D-mannuronic acid and L-guluronic acid [Figure 
3.1 (a)] and it has a linear structure [Figure 3.1 (b)]. Generally, these monomers reside in 
the alginate molecule in the forms of M blocks or G blocks or with alternating sequence 
of the MG blocks [Figure 3.1 (c)]. The D-mannuronic acid is presented in the 1C 
conformation and in the alginate it is linked in the β-configuration through the 1- and 4- 
3.3 The idea of electrostatic assembly 
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positions; the L-guluronic acid has 1C conformation and it is α-1, 4-connected in the 
polymer. Because of the particular shapes of the monomers and their modes of linking 
mechanism, the geometries of the M-block regions, G-block regions, and alternating 
regions are significantly different, as shown in Figure 3.1 [30]. 
 
 
Figure 3.1: Chemical structure of alginate, (a) monomers in alginate, (b) sodium alginate polymer chain, and (c) 
polymer chain blocks [30]. 
 
Sodium alginate is also water-soluble and dissociates by detaching the sodium ion. Thus, 
the polymer chain also becomes negatively charged. Hence, when the aqueous dispersion 






































M = mannuronic acid G = guluronic acid 
Sodium alginate polymer chain 
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chains, both being negatively charged, repel each other and prevent the agglomeration of 
nanotubes in the spinning solution. Therefore, the spinning solution stays homogeneous. 
The hypothesis for the bonding mechanism is illustrated in Figure 3.2. The spinning 
solution/dope is extruded in a coagulation bath with an aqueous solution of calcium 
chloride. In the coagulation bath, calcium chloride dissociates to produce calcium ions. 
When the alginate-nanotube mixture comes into contact with the calcium chloride 
solution, alginate precipitates to form a gel. The calcium ions coordinate in the cavities 
created by the pairs of guluronate sequences situated along the alginate chains. In this 
way, the alginate chains “embrace” the calcium ion, thus sharing the charges and forming 
a calcium cage [28, 31]. This “egg-box model” was first proposed in Ref [32] and 
discussed later by other authors [28, 31, 33, 34].  
 
When the SDS-coated-nanotubes are present in the solution, the Ca
+2
-ions can be shared 
between alginate chains and the surfactant fatty tails. As a result, the Ca
+2
-ions connect 
the nanotubes and alginate chains. Using this proposed mechanism, the construction of 
ionic crosslinks is expected to occur between the alginate chains and nanotubes. Ideally, 
if all ions, nanotubes, and polymeric chains work in unison, the nanotubes and alginate 
would be expected to form a crystalline structure. 
 
In order to check the proposed method, we have employed a laboratory analog of the 
industrially viable wet spinning method. Calcium alginate fibers with a loading of 




In our experiments, we have used high grade raw SWCNTs supplied by Nanoledge S.A., 
France. Alginic acid sodium salt with high viscosity and molecular weight of 120 kDa - 
190 kDa was supplied by MP Biomedicals Inc.  Calcium chloride extra pure crystals 
were supplied by EMD Chemicals. Different fibers were produced by varying the 




Nanotube dispersion was prepared in deionized water (DI water) using SDS as surfactant. 
Briefly, 0.51g of SDS was mixed in 30 ml DI water followed by addition of 0.18 g of 
nanotubes. This mixture was sonicated for 25 min to achieve homogeneous dispersion 




Spinning dope was prepared for eight different nanotube concentrations. The spinning 
dope was prepared by mixing polymer in water followed by the addition of varying 
concentration of nanotubes, as shown in Table 3.1. These mixtures were stirred overnight 
3.4 Experimental 
3.4.1 Fiber preparation  
3.4.1.1 Materials 
3.4.1.2 Preparation of nanotube dispersions
3.4.1.3 Spinning dope preparation
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to provide homogeneity for the dope. The dope looked homogeneous with no visible 
lumps or clusters. 
 
 




The prepared solutions were wet spun using 10 ml plastic syringes. As the spinneret, we 
employed a syringe needle with an inner diameter of 0.85 mm. The extrusion rate of the 
syringe pump was set at 123.2 ml/h and a 15 wt/v % aqueous solution of CaCl2 was used 
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revolutions per minute. After keeping the fibers for 15 min in the coagulation bath, they 
were transferred for overnight storage to another bath containing a 3 wt/v % aqueous 
solution of CaCl2. These fibers were then removed from the aqueous solution, washed in 
DI water and thereafter completely dried in air. The fibers were refrigerated until testing. 
The spinning setup is shown in Figure 3.3.  
 
Table 3.1: Composition of spinning solutions 
SWCNT conc. 






Water      
(ml) 
0.0 0.0 0.5 40 
0.6 0.5 0.5 39.5 
0.9 0.8 0.5 39.3 
1.2 1.0 0.5 39 
1.8 1.5 0.5 38.5 
2.4 2.0 0.5 38 
12 11.5 0.5 28.5 
23 20.0 0.4 20 
 
 





Surface properties of the fibers were characterized by viewing with an Olympus Lext 
OLS 3100 Confocal Laser Scanning Microscope. Using this microscope, we imaged the 
fiber surface to reveal the surface morphology. Field Emission Scanning Electron 
Microscope (S4800; Hitachi, Tokyo, Japan) was used for analyses of the surface 
morphology as well as the internal structure of the fibers. The samples were prepared by 
embedding the fibers in an epoxy matrix. These embedded fibers were then broken in 
liquid nitrogen to retain their inherent morphology, followed by 40 seconds of platinum 




The ASTM D3822 Single fiber break test method with an Instron Tensile Testing 
Instrument was used for tensile testing of produced fibers. A 1 cm gauge length and 10 
mm/min testing speed were used in these experiments. The tensile moduli, strength, and 
elongation were calculated from the obtained data [36]. 
 
The Halpin-Tsai model [37] was then applied for analyses and interpretation of the 
experimental data. The Halpin –Tsai model of a composite fiber-reinforced material is an 
approximation of a series of numerical solutions of the elasticity theory, which describes 
the stress/strain distribution around the fibers. As seen from the micrographs in Figure 
3.4.2 Fiber characterization 




3.4, the fibers have a fibrillar structure. It is natural to assume that the bundles of 
nanotubes are also oriented along the fibrils. We also assume that their centers of mass 
are distributed randomly through the fiber cross-section. Following the Halpin-Tsai 
model [37], the composite modulus is given by the formulas: 
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  

                             (2) 
E
f
, Em , and Ec  
are the Young’s moduli of the nanotube bundles, matrix, and 
composite fiber respectively; V
f
 is the volume fraction of bundles in the fiber; and l  and 
d  are the length and diameter of the nanotube bundles in hexagonal packing as shown in 
the Appendix.  The density of the nanotube bundles was calculated in the Appendix 
[Section 3.8.1] as 
f











Figure 3.4: Confocal Laser Scanning micrographs of surface topography showing the development of the 
fibrillar structure with increase of nanotube loading (a) Alginate fiber, (b) 0.6 wt % nanotubes in the fiber, (c) 
1.2 wt % nanotubes in the fiber, (d) 2.4 wt % nanotubes in the fiber, (e) 12.0 wt % nanotubes in the fiber, to (f) 





Compression properties of single fibers was measured by the Kawabata single fiber 
compression tester [38] (KatoTech, Japan) [Figure 3.5]. The fiber was placed horizontally 
3.4.2.3 Single Fiber Compression Analysis
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on a smooth flat stage. The rod-like probe-indenter with tapered end had the flat tip. The 
surface area of the tip was 0.2 mm x 0.2 mm. The linear differential transformer was 
directly connected with the probe and was measured the probe displacement. 
Simultaneously, the force gage provided the force applied to the sample. The detector 
resolution for the changes of deformations was around 0.05 µm. In this instrument, the 
compression force is preset to 5 gram-force and the compression cycle ran until this 
certain preset compression force was reached and then the probe came back to its initial 
position thus giving recovery cycle. Five cycles like this were run for each fiber. The 
deformation was measured for the corresponding compression force.  
 
 




Then we analyzed compression force as a function of fiber deformation. An effective 
compression modulus was defined through the slope of the graphs. These effective 
compression moduli were taken as characteristics of compression properties of different 





Resistivity of different fibers was measured by a two-point method using an FC Series 
120 Watt regulated high voltage DC power supply. A potential difference was applied to 








        (3) 
where, V is voltage, J  is current and L  & D  are the fiber length and diameter, 
respectively.    
 
 
The effects of nanotube loading on the stress-strain graphs and on the corresponding 
tensile modulus of the fibers are shown in Figure 3.6 and Figure 3.7. As clearly seen from 
Figure 3.7 and Table 3.2, an increase in the nanotube loading in the fiber leads initially to 
3.4.2.4 Resistivity measurement
3.5 Results  
3.5.1 Tensile Properties 
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an enhancement of the tensile modulus and the tensile strength and then to fiber 
weakening. As the nanotube concentration increases above ~ 2 wt%, the fiber again 
becomes stronger. We explain this non-monotonous behavior as follows: Consider two 
extreme cases of low and high concentrations of nanotubes. When the nanotube loading 
is very low (less than 1.2 wt %), small nanotube bundles in the matrix are expected to be 
well dispersed, forming discrete systems of reinforcing elements. Thus, the behavior of 
this system should be similar to the behavior of a fiber-reinforced composite: the 
composite becomes stronger with an increase in fiber concentration [15, 39, 40]. At the 
limit of high concentrations, the nanotubes start to agglomerate during the fiber spinning, 
forming larger bundles. It is expected that beyond a certain concentration, the bundles of 
nanotubes will form their own percolated structure network, which again would make the 
fiber stronger. This hypothesis has been validated by resistivity measurements. 
 
Table 3.2: Tensile properties of spun fibers 
























 6.59 ± 1.4 208 ± 31 18 ± 5 
0.9 1.4•10
-2

























 6.67 ± 1.5 237 ± 42 13 ± 3 
a = spun and tested for 3 batches 

















 is calculated based on the slope of the straight line for every sample as shown for 








Compression force versus deformation was obtained with the single fiber compression 
tester. This dependence is plotted in Figure 3.8 for different nanotube loading in the 
alginate – nanotube fibers. Figure 3.8 (a) shows two loading cycles and represents a 
typical graph of compression force vs deformation for alginate fiber. As evident from the 
image analysis of these fibers (Figure 3.4), as the nanotube loading increases in the fiber, 
the fibers become fibrillar. In the nanotube loaded fibers, the deformation that is needed 
to reach the same force increases, Figure 3.8 (b). This effect of weakening or softening of 
the fiber can be interpreted as a lack of compact structure relative to that observed in the 



























Halpin-Tsai model with Eaf = 116 GPa 
Voigt model with Ef = 13 GPa 
3.5.2 Compression Properties 
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With further increase of the nanotube loading, the slope decreases further, i.e. the fiber 
softens even more. During the first loading run, the fiber undergoes an inelastic 
transformation: after the probe punches the fiber for the second time, the material 
deforms down to ~ 2.5 µm easily not reacting to the force, Figure 3.8 (c). Therefore, with 
increase of nanotube loading, the compression modulus of the fiber decreases,  
Figure 3.9, implying that the nanotubes break the compactness of the polymer packing. 
On the contrary, increasing the nanotube loading, the longitudinal moduli of fibers 
increase, i.e., the fiber become stronger with respect to the tensile stresses, Figure 3.7. 
This significant anisotropy is related to the nanotube ordering during the spinning 
process. Further study and optimization of the spinning process are needed to make the 












Figure 3.8: Compression force vs deformation graphs of (a) 0.0 wt % CNTs fiber, (b) 2.4 wt % CNTs fiber, (c) 










Fibers with low concentration of nanotubes (0.6, 0.9, 1.2, 1.8 and 2.4 wt %) showed 





which is very high, implying that the fibers were not conductive. For fiber with 12 wt % 
nanotube loading, the resistivity decreased significantly (3.7•10
-2 
Ω -m), bringing the 
fiber resistivity closer to that of semiconductors. At 23 wt % nanotube loading, the 
resistivity decreased one to two orders of magnitude (to 3.10•10
-3
 Ω-m). This resistivity 
analysis confirms that, at low concentrations of nanotubes, the small nanotube bundles do 
not form an interconnected network, whereas at high nanotube concentration, these small 




In fibers with 0.6, 0.9, 1.2, 1.8 and 2.4 wt % nanotube loading, neither the nanotubes nor 
the bundles of nanotubes were visible in the SEM micrographs.  The bundles of 
nanotubes begin to show up when the nanotube concentration had reached 12 wt %. In 
fibers with 23 wt % nanotube loading, the bundles are clearly visible in the cryo fractured 
sample (Figure 3.10). In Figure 3.10 (a), the number of visible nanotube bundles is small.  
Hence, we can characterize this structure as a composite two-phase structure with 
discrete regions of nanotube bundles or ropes in an alginate polymer matrix. In Figure 
3.10 (b), corresponding to 23 wt % nanotube loading, the nanotube bundles are well 
3.5.3 Resistivity Analysis 
3.5.4 Scanning Electron Microscopy 
104 
 
spread over the alginate matrix. The structure looks like a uniform macromolecular 
structure consisting of multi-component (polymer and nanotubes). We observe a fibrillar 
organization of the fiber. These SEM micrographs suggest that above some critical 
nanotube concentration, the nanotube bundles form their own interconnected network, 
within the polymer matrix. This macromolecular structure is able to share the load in a 
better proportion, thus showing high longitudinal modulus. Therefore, a transition from a 
non-uniform composite structure (discrete nanotubes embedded in the alginate matrix 
like islands in a sea) to a uniform structure consisting of two-components (uniformly 
distributed nanotubes incorporated into an alginate macromolecular network) is observed 












Figure 3.10: Scanning Electron Micrographs of fiber cross-sections (a) 12 wt % nanotubes in the fiber and (b) 23 
wt % nanotubes in the fiber. 
 
 
The Halpin-Tsai model [17, 37] has been applied to analyze the tensile properties of these 
fibers at low concentrations of carbon nanotubes.  
 
3.6 Discussion 
3.6.1 Low concentrations of nanotubes (c < 1.2 wt %) 
106 
 
Below 1 wt % nanotube concentrations, the Young’s modulus shows linear behavior, as 
shown in Figure 3.7. This behavior can be explained as follows: 
 
We assume that the nanotubes form well dispersed bundles. Each bundle consists of six 
nanotubes forming the hexagonal cell.  
 
As shown in the Appendix, the volume fraction of these bundles at the mass 




. Therefore, Eq. (1) can be 
represented in its asymptotic form as 0V
f
 : 
/ 1 [1 2( / )] ,
||
E E l d Vc m f
       (4) 
 
Eq. (4) predicts a linear dependence of elastic modulus on nanotube concentration. In 
order to estimate the elastic modulus of the nanotube bundles, E
f
, we need to know the 
aspect ratio /l d . Again, approximating the nanotube bundle by a hexagonal cell, we 
obtain (as presented in the Appendix) l d  821. The measured elastic modulus of pure 
alginate fiber was Em  3.62 GPa and the modulus of composite fiber with 0.6 wt % 
nanotube was about twice higher, Ec   6.6 GPa. Substituting all these parameters in Eq. 
(1) – (2) and solving for E
f
, we obtain E
f
173 GPa. Repeating these calculations for 
the fibers with 0.9 wt % and 1.2 wt % of nanotubes, we obtain E
f
80 and 95 GPa, 
107 
 




(173+80+95)/3 = 116 GPa. In Figure 3.7, the straight line corresponds to this average 
modulus. This fits the experimental data very well. Therefore, the resistivity analysis and 
mechanical analysis based on the Halpin-Tsai model both favor the hypothesis that at low 
nanotube concentrations, the nanotubes are assembled in small bundles and these bundles 




As the nanotube concentration increases above ~ 1.8 wt %, we again observe a linear 
dependence of the modulus on the nanotube concentration. This linear dependence can be 
explained if we assume that the small bundles of nanotubes assemble into large bundles, 
forming a continuous network. This hypothesis is supported by the resistivity analysis, 
which shows that the fiber with 12 wt % of nanotubes becomes conductive. As the 
nanotube concentration increases further, the fiber becomes more conductive, implying 
the presence of a continuous network of bundled nanotubes.  
 
We will model the network as a system of ropes running along the fiber axis (Figure 
3.11). These ropes are formed via dry contact of nanotube bundles. The ratio of the cross-
sectional areas of the ropes Ar to the cross-sectional area of the fiber Af
is




A A Lr r V
fA A L
f f
   where L is the fiber length. Therefore, the stress balance on the 
composite fiber is written as: 
 
 1 ,V Vc m f f f          (5) 
where, m is the stress on the polymer matrix, f
 is the stress on the nanotube ropes, and
c is the stress on the composite fiber. Eq. (5) is referred to as the Voigt model [41]. The 
linear dependence of the tensile modulus on the nanotube follows from Eq. (5). Indeed 
from Hooke’s law, we have: 
Em m  , Ef f
 
 
and .Ec c     (6) 
 
For the matrix, nanotubes, and composite fiber, the strain (  ) is same. Substituting Eq. 
(6) in Eq. (5) we obtain: 
 1 .E E V E Vc m f f f        (7) 
 
 





By rearranging Eq. (7),  
  ,E E V E Ec m mf f        (8) 
 
We infer that the modulus of composite fiber with a well-developed network of nanotube 
bundles should linearly depend on the volume fraction of nanotubes. 
Drawing a straight line through the data points corresponding to 0, 12 and 23 wt % 
nanotube concentrations, we can find the slope ( )E Emf
  (Figure 3.7). From Eq. (8), 
the modulus of nanotube ropes is estimated as E
f
13 GPa. This modulus is about 10 
times smaller than that of the nanotube bundles. 
 
This reduction in the modulus can be explained by voids between bundles in the rope. 
Nevertheless, the bundle structure becomes continuous, making the whole nanotube-




Electrostatic assembly of nanotubes and alginate has been successfully demonstrated. 
Nanotube-alginate fibers have been formed by a lab scale wet spinning process. This 
process can be scaled up and, by adding stretching/drawing steps one can envision the 
application of this method for industrial fiber formation. Fibers with high loading, as high 




candidates for super-capacitors, artificial muscles, microelectrodes, and supports for 
biomedical sensors, among other applications. Examination of these fibers with a 
confocal microscope shows a well distinguished fibrillar structure. The filaments are 
preferentially aligned along the fiber axis. This suggests that the bundles of nanotubes 
orient along the fiber axis. We found an unusual concentration dependence of the 
longitudinal modulus of the produced fibers. At low nanotube concentrations, this 
modulus first increases and then passes through a maximum, decreases again, and then 
increases again. The Halpin-Tsai and Voigt models of composite mechanics have been 
successfully applied for the interpretation of the asymptotic behavior of the tensile 
modulus at low and high nanotube concentrations. The models and experimental data 
suggest that the nanotubes undergo a transition from isolated bundles to an 
interconnected network of bundles. Our resistivity analysis also supports this hypothesis. 
 
 
Single-walled carbon nanotubes are made of a single layer of rolled up graphene sheets. 
The density of nanotube bundles is calculated as described below.  
 
As shown in Figure 3.12, the nanotube structure has hexagons as building blocks. Each 
carbon atom is shared between three hexagons and each hexagon has six carbon atoms. 
Therefore each hexagon contributes two carbon atoms to the structure. As the length of 
3.8 Appendix 
3.8.1 Calculation of density of Carbon Nanotubes 
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the nanotube is much greater than its diameter (approx. 2500 times) the end effects of this 
structure can be safely neglected. The surface area of nanotubes is calculated as: 
,S d l
f f f
       (9) 
where diameter of the nanotube is d
f




The C-C bond length, lcc  1.4•10
-8
 cm, in nanotubes is considered to be similar to that 
of a graphene sheet [42]. Hence, the side of the nanotube hexagon can be taken as 
l lcchex
  1.4•10-8 cm. 
 
 
Figure 3.12: Graphene sheet representing the nanotube surface 
 


















       (11) 
 
Therefore, the molecular weight of nanotube is obtained as: 
2 ,MW N NcCNT hex
      (12) 
where, Nc  12 is the atomic number of carbon. 
 














       (13) 
In order to calculate the density of nanotubes in the fiber, we assume that the nanotubes 
form bundles with hexagonal packing.  This gives us the upper estimate for the density 





Figure 3.13: (a) Hexagonal packing for nanotube bundles, (b) Nanotube cross section. 
 
Accounting for the diameter of carbon atom, dc  1.54•10
-8
 cm, the external diameter of 
nanotubes is taken as d dcf

 
(Figure 3.13 (b)).   
 
Each hexagonal cell contains three nanotubes (Figure 3.13 (a)). These nanotubes are 
separated by spacing din  
[43] known as the interlayer spacing. Therefore, the side of the 
hexagon connecting the centers of nanotubes in the cell is calculated as:  
,L d d dc inhex f
        (14) 
and the volume of the hexagon is: 




       (15) 
 
Using Eq. (9) – (15) and accounting for the weight of the nanotube 
W MW McCNT CNT
 ,where Mc is the atomic mass in grams, we obtain the density of 
bundles of nanotubes as: 
 
 




















       (16) 
 
As reported in the literature, the length of these nanotubes ranges from 2 µm  to 5 µm 




 cm. The 
average diameter for these nanotubes is d
f
 1.33•10-7 cm [45].  
 
Taking the average interlayer spacing for zigzag nanotubes as [43] din  3.39 Å = 
3.39•10
-8
 cm, we find from Eq. (16), 
f
  1.09 g/cm3. 
The volume fraction (V
f
) of nanotubes in the fiber was calculated as: 











    (17) 
where W
f
is the weight percent of nanotubes in the fiber, 
f
 is the density of nanotube 
bundles as calculated before,  100W Wfm    is the weight % of alginate polymer in the 
fiber, and m   1.69 g/cm
3
 is the measured density of polymer. The length to diameter 







d d dc inf
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 












 cm, dc 1.54•10
-8
 cm and din  3.39•10
-8
 cm, 
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In this chapter, we discuss a route toward stabilization of alginate – nanotube fibers in 
aqueous solutions. As produced nanotube-alginate fibers are unstable in electrolyte 
solutions such as phosphate buffered saline which makes them unsuitable for biomedical 
applications as biosensor platforms or actuators. Therefore, these fibers are chemically 
modified through incorporation of covalent crosslinking to provide stability in solutions 
enriched with Na+ and K+ ions. Nano-pores are also introduced in the chemically 
modified fibers. We show that the modified alginate – nanotube fibers are stable in 
electrolyte solutions and demonstrate volumetric swelling up to 16 times in buffer 
solutions in 10 min. Loading the fibers with nanotubes, one can achieve  much better 
tensile and compression properties compared to the modified alginate fibers. The fibers 
CHAPTER 4:  STABILIZATION OF 
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Many practical applications of carbon nanotube-polymer fibers require their stability 
when the fiber is immersed in an aqueous solution [1-4]. These applications include 
actuators, microelectrodes, biosensor supports, to list just a few [1-11].  The library of 
polymeric matrices is mostly limited to synthesized polymers [12-15], yet some 
biopolymers such as DNA have been also employed for fiber formation [16]. As shown 
in this Dissertation, the alginate-nanotube fibers demonstrate high conductivity along 
with good mechanical properties. Therefore, they can be competitive in many 
applications where conductivity, flexibility, and biocompatibility are the important 
requirements. The drawback of these fibers is that they are chemically instable in aqueous 




 ions and tend to disintegrate with time [17]. The 
mechanism is that the alginate is crosslinked by Ca
+2





 solutions, these ions replace calcium breaking the calcium cage 
holding the polymer chains together. Therefore, for applications where the fiber is 
supposed to operate in an electrochemically active environment, the chemical stability 





In this chapter, we develop an experimental protocol for the spinning of chemically stable 
and highly absorptive carbon nanotube-alginate fibers. To increase the stability of these 
fibers in various solutions enriched with the ions having higher chemical reactivity than 
Ca
+2
, we covalently modified the alginate matrix. We showed that the fibers can be made 
nanoporous. These pores assure that the fiber will absorb the liquid with its constitutes 
sufficiently fast. On the other hand, making the fibers highly loaded with carbon 
nanotubes to guarantee their conductivity, one can use these fibers as supports for 
electrochemical sensors. We study the mechanical and swelling properties of these fibers 
and show that the fibers can significantly swell and buckle without breaking their 
integrity. Buckling of swollen fibers at different pH levels is an interesting phenomenon, 
which deserves a special attention as another means for visual characterization of ionic 
activity of aqueous solutions. 
 
 
Two spinning dopes (0.0 wt % nanotube – alginate and 12 wt % nanotube – alginate) 
were prepared using the method described in Section 3.4.1.2 & 3.4.1.3 of this 
Dissertation (see also Ref. [7]). The 12 wt % nanotube loading was chosen for formation 
of chemically modified alginate-nanotube fiber The dopes were then supplied to Dr. 
Minko group in Clarkson University where they used the same wet spinning process with 
the conditions described in Ref. [7]. The spun fiber was then crosslinked via hydroxyl 
groups using glutaraldehyde as a crosslinking agent using the process developed at Dr. 
4.3 Experimental  
4.3.1 Fiber spinning and modification 
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Minko’s lab [19]. However, to incorporate porosity, the spinning dope was enriched with 
emulsion [19] and then spun in Dr. Minko’s lab using the same spinning process.  
   
 
 
We used different characterization methods to study the properties of covalently-
crosslinked carbon nanotube-alginate fibers. Discussing their properties, we will use the 
following abbreviations as shown in Table 4.1. 
 
Table 4.1: List of abbreviations 
Fiber and materials Abbreviation 
Fiber from Ca-crosslinked alginate, non-
porous, no covalent crosslinkers 
Al NP NX 
Fiber from Ca-crosslinked alginate,non-
porous, covalently crosslinked 
Al NP X 
Fiber from Ca-crosslinked alginate, porous 
covalently crosslinked 
Al P X 
Fiber from Ca-crosslinked alginate loaded with 
nanotubes,  non-porous, no covalent 
crosslinkers 
Al + CNT NP NX 
Fiber from Ca-crosslinked alginate loaded with 
nanotubes,  non-porous, covalently cross-linked 
Al + CNT NP X 
Fiber from Ca-crosslinked alginate loaded with 
nanotubes,  porous, covalently crosslinked 
Al + CNT P X 
 
 
This experimental process is mentioned in Section 3.4.2.2. 
4.3.2 Fiber characterization 
 









To measure the swelling characteristics of the unmodified and modified fibers, a 3 – 4 
mm long fiber piece was attached using scotch tape at its ends on a microscopic glass 
slide along with a 100 micrometer diameter tungsten wire as a reference as shown in 
Figure 4.1. The glass slide was placed in a polystyrene Petri dish which was then placed 
under the microscope Olympus MVX 10. A digital video camera (Diagnostic 
instruments) was directly attached to the microscope. Water was added in the Petri dish 
and images were taken every 15 seconds for 10 minutes. These images were then 
analyzed using ImageJ software (NIH) to measure the change of diameter and length. For 
measuring the change in diameter, the swollen diameter was compared with the initial 
diameter. For the length change, we introduced the central line and the contour length of 
this line in the swollen fiber was measured and compared with the initial length, Figure 
4.2. From these diameter and length changes, the fiber expansion coefficient was 





o oD LD L       
   
      (1) 
4.3.2.2 Single fiber compression experiment
4.3.2.3 Fiber Swelling Experiment  
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where, D , L , oD , oL are the fiber diameter after swelling, the fiber contour length after 
swelling, the initial fiber diameter and the initial fiber length, respectively. 
 
Similarly, for measuring the swelling characteristics of the fiber soaked in phosphate 
buffered saline (PBS), a mixture of 0.01 M PBS with 0.1 M KCl was added instead of 
water in the Petri dish and the images were taken with the same frequency.  
 
 










To study the effect of pH on the swelling of the chemically modified non-porous and 
porous fibers, the fiber was prepared as described above in the swelling experiment. The 
buffer and salt solutions were composed of PBS buffer and KCl solution which had a pH 
of 7.4. To study the swelling behavior in acidic environment, Hydrocloric acid (HCl) was 
added to the base solution to vary the pH from 7.4 to 1. Swelling behavior in alkaline 
environment was investigated by varying the pH of the base solution from 7.4 pH to 10 
pH by addition of Sodium Hydroxide (NaOH). A total of 10 intermediate pH values were 
prepared between 1 pH to 10 pH. Images of the swollen fibers were taken every 15 
second for 90 seconds using a digital camera attached to the microscope. The swelling 
behavior of fibers was investigated only for the chemically modified fibers as the 










Both alginate and alginate-nanotube fibers after undergoing chemical modification and 
creating porosity have changed the tensile modulus and tensile strength, as seen in Figure 
4.3 (a) and (b). The improved tensile characteristics show that after chemical 
modification, the fiber is stronger and the porous fiber is further strengthened. The 
covalently crosslinked porous fiber has almost twice the tensile strength of those of 
unmodified alginate and alginate – nanotube fibers. This observation suggests that the 
crosslinking due to the chemical modification had provided an extra strength to hold the 
chains together. The covalently crosslinked alginate-nanotube fibers show an 
improvement of their tensile properties compared to alginate fibers implying that the 
nanotubes provided some reinforcement of the polymer network in the fiber. As 
expected, the breaking elongation of the fibers has decreased after the covalent 
crosslinking.   
4.4 Results and discussion 















The compression properties of the fibers gave us very informative results. Figure 4.4 (a) 
shows two loading cycles and represents a typical graph of compression force vs 
deformation for alginate fiber.  
 
Figure 4.4 (b) reveals that the porous fibers can be significantly compressed at almost 
constant force: in the case of porous covalently crosslinked alginate fiber we observe 
almost 20 micrometers settling before getting an elastic reaction. The fiber then 
undergoes a plastic deformation and upon the load release it does not come back to the 




same shape, settling down to about 5 microns. However, in case of non-crosslinked non-
porous [Figure 4.4 (a)] and covalently crosslinked non-porous alginate fibers, this settling 
is not significant (couple of micrometers).  For the fibers loaded with nanotubes this 
settling even less (less than 0.5 micrometer) and can be neglected. The nanotubes thus 
provide significant reinforcement to the fibers.  
 
In porous covalently crosslinked alginate fibers, the hysteresis loop looks rectangular 
suggesting that at the first level of loading corresponding to F < 40 N/m, we most likely 
observe the result of the collapse of pores in the fiber, and at the second level of loading 
corresponding to F > 130 N/m, one can expect to see the buckling and folding of the pore 
walls. This buckling mechanism was observed in many cellular materials and has been 
extensively discussed in the book [20]. It is interesting to see that the mechanism of pore 
closing-opening is not completely locked after the second cycle. We observed this 
rectangular hysteresis for all the five cycles we ran, therefore, some pore walls most 
likely buckle and fold in an elastic range of deformations and return to its initial shape 
after release of the load. When the porous covalently crosslinked alginate fiber has been 
loaded with nanotubes, we noticed the change of the shape of hysteresis loop: the loop 
becomes smoother and its area decreases compare to Figure 4.4 (a).  Yet the porous 
structure makes the fibers significantly softer so that in order to generate the same level 
of compression force as that needed for a solid non-porous fiber, the porous fibers need 





















Analyzing the initial slope of the first cycle as marked in Figure 4.4 and defining it as an 
effective compression modulus, we see that the pure alginate fiber possessed better 
compression modulus compared to the nanotube-alginate fiber (NP NX fibers). This 
implies that the pure alginate fiber has a more compact structure compared to the 
nanotube-alginate fiber. However the covalently-crosslinked fibers showed the tendency 
that is opposite to the results of tensile experiments [Figure 4.3 (a)]. Comparison of the 
compression moduli of covalently-crosslinked and unmodified fibers [Figure 4.5], reveals 
that the covalently-crosslinked fibers show lower compression modulus, i.e. they are 






Figure 4.4: Compression force vs deformation graphs of (a) AL NP NX, (b) AL P X, (c) AL + CNT P X. 
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introduced in the fiber structure, the compactness of the fiber was compromised resulting 
in the weaker compression properties. Therefore, the tensile properties of the fibers were 
improved compared to those of the unmodified fibers but the opposite effect was 








Due to swelling of the fiber both the length and diameter increased. Typically, after 
swelling the fibers buckle as shown in Figure 4.6.  Figure 4.6 (a) illustrates the fiber 
shape (right fiber, the left wire is shown as a reference) before and after the addition of 
buffer and salt solution, Figure 4.6 (b). 




Figure 4.6: Swelling in buffer and salt solution of fiber (a) before adding buffer and salt solution (b) after 5 min 
soaking in buffer and salt solution. 
 
It is instructive to discuss first the fiber behavior in water, [Figure 4.7]. In water, the 
length of these fibers did not increase significantly to observe any buckling. Therefore, in 
our analysis we assumed that the fiber length stays the same during the swelling 
experiment. But the fiber diameter did change significantly, Figure 4.7. Unmodified 
alginate and alginate-nanotube fibers do not show any significant swelling when exposed 
to water, the swelling of the fibers being only 120 – 130 %. In contrast, the covalently 
crosslinked non-porous and porous fibers increased the fiber diameter in 2 – 3 times and 
the nanotube loaded fibers follow the same tendency.  The swelling was almost 
instantaneous: as soon as the covalently crosslinked fibers came in contact with water, 
they swell momentarily and this level of spontaneous swelling stays almost constant 






Figure 4.7: (a) Swelling of alginate fibers in water, and (b) swelling of alginate-nanotube fibers in water. 
 
Swelling of the fibers in buffer and salt solutions gave very informative results [Figure 
4.8]. In the case of alginate fibers, as seen in Figure 4.8 (a), the radial swelling of 
unmodified fiber increased continuously up to 275 % in 10 minutes. The fiber 





alginate fibers, the unmodified fibers have the most compact structure where the polymer 
chains are situated close to each other. The gap between the chains is defined by the 
calcium cage controlling the maximum swelling capacity of the fibers. As soon as 
calcium ions escape from the alginate matrix, the fiber disintegrates. 
 
The covalently crosslinked non-porous fiber swells up to 425 % and covalently 
crosslinked porous fiber swells up to 500 % reaching the maximum diameter within 10 
minutes. After soaking the covalently crosslinked porous fibers during 10 min in the 
buffer and salt solutions, the expansion coefficient was found to be  = 52.5. The fibers 
do not swell appreciably after that. This significant increase of the swelling level 
correlates with the results of mechanical analysis of these fibers. The covalently 
crosslinked alginate chains were not compactly packed which allowed larger inter-chain 
gaps accommodating more solvent molecules and ions. The covalently crosslinked 
porous fiber showed extremely high swelling values around 500 % in 9 min implying 
high interaction of the fiber with the buffer solution. However, crosslinking of the 
polymer chains also stabilized the fibers against disintegration. Even though the modified 
fibers did not disintegrate in the buffer solution, the heavy swelling meant that the fibers 
became very weak and broke when pulled lightly. 
 
As follows from the analysis of compression properties, alginate-nanotube fibers are 
softer than the alginate fiber. Hence the unmodified alginate-nanotube fiber was more 
susceptible to the buffer and salt solution showing swelling level up to 420 %.[Figure 4.8 
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(c)]. After soaking within 30 minutes, these fibers disintegrated because alginate cannot 
survive after removing calcium.  
 
Covalently crosslinked alginate-nanotube fibers form bonds between the polymer chains 
which hold them together during swelling and prevent fiber disintegrating. These fibers 
are also reinforced by the nanotubes: their compression characteristics increased relative 
to the fibers without nanotubes. Therefore, one would expect to see a lower level of 
swelling in nanotube loaded fibers. The experiments confirm this expectation: the 
covalently crosslinked alginate – nanotube fibers swell in 3.5 – 3.7 times [Figure 4.8 (c)], 
i.e., lesser than the same fibers without nanotubes [Figure 4.8 (a)].  
 
Comparing the axial extension of fibers swollen in buffer and salt solutions [Figure 4.8 
(b) and Figure 4.8 (d)], we observe that the alginate porous covalently crosslinked fibers 
demonstrate the greatest response. They increase the length almost in two times, while 
the unmodified alginate fibers did not show appreciable change of their length. 
Comparison of the radial and axial swelling of the fiber in buffer and salt solution reveal 
a big difference. The change of diameter took about 5 – 6 minutes to reach an equilibrium 
state whereas the change of the fiber length took almost 9 – 10 minutes to reach an 
equilibrium state.  
 
In contrast, for the nanotube-loaded fibers, the length change of fibers soaked in buffer 
and salt solutions was very much the same [Figure 4.8 (d)]. In accord with the results on 
139 
 
compression moduli, the main reason for this behavior should be sought in the 
reinforcement effect of nanotubes. Also from that graph it is noticeable that the 
covalently crosslinked fibers reached the equilibrium in 10 minutes whereas the 
unmodified alginate – nanotube fiber did not reach the maximum in that time frame: the 
fiber just kept on swelling and then eventually disintegrated. For covalently crosslinked 
alginate – nanotube fibers, after soaking these fibers during 10 min in the buffer and salt 
solutions, the expansion coefficient was found to be   15 – 17. 
 





 ions present in the solution. We also noticed that the K
+
 ions had 
stronger effect on the rate of swelling than Na
+
 ions. This phenomenon can be attributed 
to the stronger reactivity of K
+
 ions compared to Na
+
 ions [21]. Therefore the rate of 
replacement of Ca
+2
 ions by K
+
 ions is faster than that by Na
+













Figure 4.8: (a) Change of diameter of the alginate fiber in the buffer and salt solution, (b) change of length of the 
alginate fiber in the buffer and salt solution, (c) change of diameter of the alginate-nanotube fiber in the buffer 










To show the effect of pH on the swelling rate of fibers, we analyzed the radial as well as 
longitudinal swelling of fibers. For carbon nanotube loaded fibers we observed noticeable 
change in fiber length after 90 seconds of soaking in solutions. We therefore consider this 
time interval as a reference. Figure 4.9 and Figure 4.11 show the change of diameter of 
the covalently cross-linked fibers at pH from 1 to 10 in the first 30 seconds and 90 
seconds, respectively. Figure 4.11 also includes the change of length of the modified 
alginate – nanotube fibers after 90 seconds [Figure 4.11 (c)].  
 
In water and aqueous buffer solutions, the porous fibers underwent greater level of 
swelling than the non-porous fibers. After 30 seconds when the pH levels changed from 1 
to 10, the swelling level of covalently crosslinked non-porous alginate fibers increased 
from 115 % to 160 % and from 125 % to 200 % for porous alginate fibers (shown in 
Figure 4.9 (a)). Alginate-nanotube fibers also show increase in swelling level as the pH 
changes from acidic to basic, Figure 4.9 (b). The porous fibers demonstrate a more rapid 
response to the pH change than the non-porous fibers. At this time range, the change of 
length was not significant. 





Figure 4.9: (a) Change of fiber diameter of the alginate fiber at varying pH levels after 30 seconds, and (b) 
Change of diameter of the alginate-nanotube fiber at varying pH levels after 30 seconds. 
 
The images of alginate-nanotube cross-linked porous fiber swelling after 90 sec at 1 pH, 
7 pH and 10 pH buffer and salt solutions are shown in Figure 4.10 for comparison. 
Increasing the swelling time further to 90 seconds, a similar trend was observed, Figure 
4.11. At low pH, the swelling level of the fibers did not change significantly, whereas at 
higher pH, the swelling level increased from 200 % to 325 % for covalently crosslinked 





fibers [Figure 4.11 (b)]. For non-porous alginate fibers the swelling level increased from 
155 % to 240 % [Figure 4.11 (a)] and for nanotube loaded fibers the swelling level was 
changed from 140 % to 180 % [Figure 4.11 (b)]. We characterized the pH dependent 
swelling of fibers in phosphate buffered saline choosing 90 seconds as a representative 
time of swelling. This significant change of the fiber diameter upon variation of pH 
suggests that these fibers can be used for many applications relying on the pH analysis. 
The modified alginate fibers did not show any change of length in this time frame. The 
reason could be that the fibers were going through extremely high change in diameter 
therefore the change of dimension in the axial direction was not significant. Whereas the 
modified alginate – nanotube fibers had lesser change in diameter therefore showed some 
change in length especially after pH 7 for non-porous alginate – nanotube fibers [Figure 
4.11 (c)]. The expansion coefficient of the covalently crosslinked porous alginate – 
nanotube fibers changed from  = 1.8 at pH 1 to  = 7.2 at pH 10 which is pretty 
significant implying pH dependent swelling of the fiber. 
 
By varying the pH of the solution one can set different triggers which can be activated by 
the change of either fiber length or diameter. Also, by varying the amount of ions in the 





    
  
Figure 4.10: Alginate-nanotube crosslinked porous fiber in (a) before swelling for pH 1 buffer and salt solution 
experiment, (b) after 90 sec in pH 1 buffer + salt solution (c) after 90 sec in pH 7 buffer + salt solution, (d) after 















Figure 4.11: (a) Change of diameter of the alginate fiber at varying pH levels after 90 seconds, and (b) change of 
diameter of the alginate – nanotube fiber at varying pH levels after 90 seconds, (c) change of length of the 




In Dr. Minko’s group in Clarkson University, a method to covalently crosslink the 
alginate – nanotube fibers was developed. These fibers demonstrated stability in buffer 
and salt solutions. Even porous fibers were produced by further modification. These 
fibers possess high conductivity and flexibility. While comparing physical properties of 
the modified fibers with the unmodified fibers, we noticed the chemical modification 
strengthened the fiber as seen from the tensile properties though the fibers showed 
weaker compression properties. We also noticed that for alginate – nanotube fibers, the 
presence of nanotubes in the fiber structure provided reinforcement thus resulting in 
comparatively better tensile and compression properties compared to covalently 
crosslinked alginate fibers. After these chemical modifications the fibers show 





fibers. After 10 minutes of soaking, the expansion coefficient of these chemically 
modified fibers were changed from  = 52.5 for the alginate fibers to  = 16 for the 
alginate – nanotube fibers. The expansion coefficient of the covalently crosslinked 
alginate – nanotube fibers was shown to depend on the pH level. We showed that after 90 
seconds of soaking in phosphate buffered saline, the expansion coefficient changed from 
 = 1.8 at pH = 1 to  = 7.2 at pH = 10. We also showed that, the amount and rate of 
swelling could be tailored by the pH level as well as by the variation of the strength of 
metal ions in the solution. This kind of pH responsive behavior along with 
biocompatibility makes these fibers suitable for various sensory applications like 
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Chapter 1: Introduction 
 Review of current technologies for the production of nanotube fiber. 
 
Chapter 2: Analysis of stability of nanotube dispersions using surface tension 
isotherms 
 Sodium Dodecyl Surfactant (SDS) was studied as a surfactant to disperse carbon 
nanotubes in a wide range of concentrations in aqueous media. 
 Surface tension isotherms were suggested to use for the analyses of surfactant 
stabilized dispersions. 
 Phase diagram of SDS-CNT dispersion in aqueous media were created. The 
regions of stable homogenous dispersions and unstable, inhomogenous 
dispersions were specified. 
 Surface tension isotherms were used and validated as a robust technique to 
characterize dispersions with high CNT loading (up to 23 wt %). It is shown that 
the proposed method of surface tension isotherms fills a gap in the analytical 
techniques needed to characterize the highly concentrated dispersions of 
nanotubes. 
 Highly concentrated homogenous dispersions of nanotubes (up to 6 mg/ml 
concentration) were prepared and showed that they are stable for more than 6 
months. 




Chapter 3: A method for wet spinning of alginate fibers with a high concentration of 
single-walled carbon nanotubes 
 Alginate – nanotube fibers with high loading of nanotubes (up to 23 wt %) were 
produced using an industrially scalable wet spinning process. 
 Uniform dispersion of CNTs achieved in the Alginate – CNT fibers using 
electrostatic assembly and calcium mediated cross-linking. 
 Young's modulus of the wet – spun fibers depend non-monotonically on the 
nanotube concentration, which is explained using Halpin-Tsai and Voigt models. 
 Alginate – CNT system in the fiber is shown to undergo morphological transition 
from a composite structure of discrete nanotube bundles embedded into an 
alginate matrix at low nanotube concentrations to a complex continuous structure 
of nanotube networks interwoven into a macromolecular network of alginate at 
high nanotube concentrations. 
 Produced nanotube – alginate fibers with high nanotube loadings has very high 
electrical conductivity (in the range of 3.7•10
-2 
Ω –m to 3.10•10
-3
 Ω-m), similar to 
semimetals. 
 
Chapter 4: Stabilization of single walled carbon nanotube – alginate fibers in 
aqueous solutions by covalent crosslinking of alginate 
 Alginate-nanotube fibers were chemically modified to incorporate covalent cross-
linking thus improving fiber stability in phosphate buffered saline. 
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 Covalent crosslinking improved the tensile properties of the fibers but resulted in 
lower compression modulus. 
 Alginate-nanotube fibers with covalent crosslinking were also produced with 
nanoscale porosity. 
 The modified fibers demonstrated volume expansion in buffer solution around 50 
times for alginate fibers and around 16 times for alginate – nanotube fibers. 
 Modified fibers with nanoporosity showed faster and greater swelling. 
 Swelling of the fibers was pH-dependent, varying volumetrically from 1.8 times 
at pH 1 to 7.8 times at pH 10 in phosphate buffered saline. 
 
